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FOREWORD

This volume contains the Appendices to the biomechanics research program

conducted in "A Study of Man's Physical Capabilities on the Moon", under NASA contract
NAS 1-4449. This contract was administered by Langley Research Center, with
Mr. William Letko serving as NASA Technical Monitor.

The study was performed by Northrop Space Laboratories in association with Case
Institute of Technology, Cleveland, Ohio. Dr. Walter Kuehnegger served as the
Principal Investigator for NSL. Professor James B. Reswiek, Director of the Case
Institute Engineering Design Center, guided and directed the work conducted at Case
under subcontract.

In view of the complexity and scope of the work performed under this contract, the
final report has been organized in four separate volumes (numbered I thru IV). Since
the work itself was broken down into phases it was possible to treat each phase individu-
ally and document them correspondingly. The four volumes which comprise this report
are identified as follows:

CR-66115

CR-66116

CR-66117

CR-66118

CR-66119

CR-66120

Volume I,

Volume I,

Volume II,

Volume H,

Part 1 - Lunar Gravity Simulation Facility

Part 2 - Instrumentation

Part 1 - Biomechanics Research Program

Part 2 - Biomechanics Research Program

Volume HI - Work Physiology Research Program

Volume IV - Investigation of Lunar Gravity Simulation Techniques

Volumes I thru III were produced by NSL and have been assigned Northrop Space
Laboratories' document number NSL 65-153. Volume IV was prepared from material
contributed by Case Institute and reports on their portion of the contract effort, The
total report (all four volumes) summarizes the performance during the contract period
from 2 November 1964 to 30 September 1966.

The author of this report (Volume H, Part 2) wishes to express his appreciation
to Mr. Ken Forsen for his endless and thorough effort in the establishment of a series
of complex computer programs and to Mr. R. Fortney for his critique and verification
of these programs.
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A STUDY OF MAN'S PHYSICAL CAPABILITIES

ON THE MOON

ABSTRACT

A study was made to compare man's energy expenditure and gait

characteristics, during self locomotion at various rates, in earth

and in simulated lunar gravity conditions. The tests were made

for the subject walking and running on the level and on grades up

to 30 ° while in shirt sleeves and while wearing a suit pressurized

to 3.5 psig. The results, presented in four volumes, may be useful

for the design of space suits and life support systems and the

planning of lunar exploration missions and their logistics.
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APPENDIX A

SUBJECTDATA

By W. Kuehnegger

The purpose of the detailed subject dataacquisition effort represented herein was
not only to record certain physical properties important to conductthe study program
but also to contribute to the establishment of dependentvariables capable of defining
correlations with the different characteristics that makeup the physical constitution of
healthy humanbeings in the performance of work or locomotion. The ultimate goal of
correlative indices is then the establishment of a meaningful unit model of man.

GENERAL DESCRIPTION OF UNIT MODEL

The immense number of human subjects required to produce statistically valid
experimental data x_;ould in most cases eliminate the possibility of such research, while
experiments conducted with a relatively small number of subjects produces data of
limited value for extrapolation and future applications. For such future applications
data from relatively few subjects cannot be used to predict quantitative characteristics
of specific untested subjects with any degree of confidence. A baseline reference such

as a UNIT MODEL of man with respect to the particular nature of the investigation must
then be established. To create a useful research tool this model must possess the
following propertie s.

(1) Correlation factors or indices must be found to reduce the experimental data
to the model.

(2} The model itself must represent singular experimental values.

(3) For future applications these values must be reconvertible by similar corre-
lation factors or indices to specific untested subjects resulting in realistic
predictions for their characteristics and performance.

Such precise data on the subject, except for the biomechanical analysis, will mean
very little unless other investigators in this field of human research are hereby en-
couraged to record similarly accurate information on their subjects. Better still,

pertinent investigators should be requested to adhere to standard type of subject data
forms. With the eventual accumulation of such data it should be possible to find the
correlative indices referred to in the unit model. Oncethis has been accomplished,
there will be no limit to the possible applications of such a model. It is foreseen that
this model will represent a cross-breeding of the general subject information with the
percentile-man, the Link-Joint-System and the Somatotype.

The somatotype of Olympic athletes for specific athletic events has already
been the suject of an investigation by Tanner (Ref. 1) while Sills (Ref. 2) included
the importance of anthropometry and the somatotype in relation to physical per-
formance. Grim (Ref. 3) on the other hand indicated the mesomorphic predomin-
ance in the somatotype distribution of lumber jacks.
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Testing is not performed for the sake of testing, but for the derivation of data
useful in the understanding and quantification of human performance and useful for the

confident prediction of results for subjects under investigation but not tested.

The unit model will provide a common denominator for all human performance

investigations. The final benefits will include the establishment of physiological rela-
tionships in the assessment of human performance and fatigue. This detailed subject
data is presented in the following sequence.

{1) General subject information

(2) Percentile man comparison

(3) Determination of body segment weights

(4) Determination of centers of gravity

(5} Moment of inertia of body segments

(6) Link joint system

(7) Biomechanics subject data

General Subject Information

Three subjects (A, B, and C) were used in the experiments conducted on the LGS.
Not all tests however were conducted by each subject under the contractual require-
ments. Subject A performed most of the shirtsleeve Mode 1000 experiments and some
important selected experiments in the pressure suited 2000 and 3000 Modes for veri-
fication. Subject B performed experiments in the shirtsleeve Mode 1000 only. Subject
C performed all the tests in the 1000, 2000, and 3000 Modes. General subject infor-
mation is presented in Tables A1 through A3, while Figures A1 through A3 show the
overall anthropometry of the subjects.
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TABLE XI. - SUBJECT A ,  GESEPAL INFOR3IATION 

Sub iec t 

Sex 

Age 
Ethnic Classification 

Height 

Weight 

Surface Area 

Percentile Man 

Profession 

A 
~~ 

male 

38 y e a r s  

C au c a s ian 

5 f t  7. 75 in (172. 08 cm) 

186.25 lb (84.481 kg) 

21.18 sq f t  (1.97 sq m) 

28 

Senior Scientist 

V O L  11, Pt 2 

Figure A I .  - Subiect A, anthropometry 
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TABLE A2.-- SUBJECTB, GENERAL INFORMATION

Subject B

maleSex

Age

Ethnic Classification

Height

Weight

Surface Area

Percentile Man

Profession

32 years

Caucasian

5 ft 8.50 in (174.00 cm)

185.01 lb (83.92 kg)

21.39 sq ft (1.99 sq m)

40

Flight equipment specialist

eS _.eO be_

6oe 'co_ e_O_ _

Figure A2. - Subject B, anthropometry
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TABLE A3.  - SUBJECT C,  GEXERAL IXFORfiL4TIOS 

Sub j e c t C 

Sex 

Age 
E thi i c C 1 as s if i c at  i on 

Height 

Tire i ght 

Surface k e a  

Percentile Man 

Profe ssioii 

male 

30 yea r s  

Caucasian 

5 f t  8. 00 in (172.72 cm) 

155. 00 lb (70. 306 kg) 
19.78 sq f t  (1.84 sq m) 
3 2  

Biology student 

VOL 11. Pt 2 

Figure A3. - Subject C, anthropometry 
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Percentile Man Comparison

The true percentile man does not exist, Such a quantification is based on statisti-

cal values resulting from a survey (Ref. 4). Even so, the percentile man concept
serves a very useful purpose and was utilized as a basis for the anthropometric com-
parison of subjects used in this program. The stature of a subject can be expressed as
that of a certain percentile man while other body dimensions can be randomly distributed
according to the variation in the physique of the subject. The comparison is made by
the determination of the percentile man from the subjectVs stature which is followed by

a listing (see Tables A4 through A7) of the theoretical percentile dimensions compared
to those measured. The theoretical percentile dimensions and those measured were
based on the consideration of their usefulness for the physical performance of man.

Conventional anthropometri_in_truments were used in measuring the total body and
body segment dimensions. The locations of the dimensions are illustrated in Figures
A4 through A6.

TABLE A4. DIMENSIONS OF SUBJECTS VS PERCENTILE MAN

Location
no.

1

2

3

4

Body
mea surement

Subject A

Shoulder Height

Percentile

man

Stature 28

Cervieale Height 43

57

Elbow Height

Waist Height

13

17

Measured

(cm)

172.08

149.23

144.78

105.41

102.55

6 Wrist Height 44 84.77

7 Knuckle Height 41 75. 565

8 Crotch Height 21 80.01
(Inseam)

9 Kneecap Height 65 52.39

10 Buttock-Knee 55 60. 325

Length

11 22 104.44Buttock- Leg

Length

12 66Shoul de r- Elbow

Length

37.13

13 Forearm-Hand 8 45. 085

Length

14 Span 18 173. 025

15 Maximum Reach 1 87.15
from Wall

Subject C
Percentile Measured

man (cm)

32 172.72

28 146. 685

4O

28

24

142.24

107.95

103.51

41 84.455

42 73.34

39 82.23

24 49.53

38

9

45

59.215

101.75

36. 195

11 45.403

35 177.165

86.51
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TABLE A4. DIMENSIONS OF SUBJECTS VS PERCENTILE MAN {Continued)

Location
no.

16

Body
measurement

Elbow-to-Elbow
Breadth

Subject A Subject C

Percentile Measured Percentile Measured

man (em) man (era)

92 49.21 78 46.67

17 Hip Breadth, 15 33.32 13 33.09
Standing

18 Knee-to-Knee 88 21.75 52 20.16

Breadth, Sitting

19 Biocromial 0 33.81 0 34.59
Diameter

20 Shoulder Breadth 93 48.89 88 48.26

21 Chest Breadth 80 32.23 83 32.54

22 Waist Breadth 99 33.49 88 30.00

Hip Breadth23 48 33.32 42 33.09

24 Chest Depth 99 28. 575 73 24.13

25 Waist Depth 99 28. 397 44 19.68

Buttock Depth

Neck Circumfer-
ence

26
i

27

80 24. 288 48 8.75

92 40.64 39 37.46

28 Chest Circumfer- 84 104.77 72 I01.85
ence

29 Waist Circumfer- 98 100.01 63 83.18
ence

30 85 62.55 35 55.25Thigh Circumfer-
ence

31 Lower Thigh Cir-
cumference

32 Calf Circumfer-

ence

41 43.18 5 38.10

80 38.74 69 36.83
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TABLE A4. DIMENSIONS OF SUBJECTS VS PERCENTILE MAN (Continued)

Location

no.

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Body
mea surement

Ankle Circumfer-

ence

Axillary Arm Cir-
cumference

Biceps Circumfer-
ence (Flexed)

Lower Arm Cir-
cumferenc e

(Flexed)

Wrisl: Circumfer-

ence

Sleeve Inseam

Anterior Neck

Length

FOOT

Foot Length

Instep Length

Foot Breadth

Heel Breadth

Lateral Malleolus

Height

Medial Malleolus

Height

Ball of Foot Cir-
cumference

HAND

Hand Length

Subject A
-i

Percentile Measured

man (cm)

56 22.86

90 35.56

94 36.83

89 31.59

45 17.30

4 45.24

80 10.00

16 25.55

17 18.57

55 9.68

65 6.83

99 8.41

79 9.21

26 23.81

24 18.42

Subject C

Percentile Measured

man (cm)

22 21.59

56

59

31

41

4

98

50

41

55

65

95

98

53

67

32.05

33.02

28.24

17.15

45.56

12.07

26.27

19.21

9.68

6.83

7.94

9.84

24.61
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I DIMENSIONS OF SUBJECTS VS PERCENTILE MAN (Continued)

TABLE A4.

m , , i ,, i i il _ i

Subject A Subject C

i ,oca  o 

I no. measurement man ! (cm) man i (cm)L 48 Hand Breadth at 71 I 9.05 71 ] 9.05

Metacarpale i I

I 49 Thickness at 89 ] 3.175 96 I 3.27Metacarpale III I i

50 Palm Length 31 ] 10.48 65 ] 10.95

51 Head Length 7 ] 18.73 30 ] 19.37

52 Head Breadth 23 [ 15.03 93 I 16.19

53 Larynx to Wall 24 I 16.83 33 ] 17.15

I 54 Head Circumfer- 36 I 56.52 43 i 56.83

ence I i

I_ 20

-- I

• ° .

Figure A4. - Subject anthropometry_ anatomical positions
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11

10

Figure A5. - Subject anthropometryl articulated positions

Figure A6. - Subject anthropometryl extremity details

10 VOL II, Pt 2



Determination of Body Segment Weights

The body was divided into the six body segments as listed in Table A8.

TABLE A5.- BODY SEGMENTS

Segment no.

1

2

3

4

5

6

Segment

Head and Neck

Trunk

Upper Arm

Lower Arm and Hand

Thigh

Lower Leg and Foot

These segments are further illustrated in Figure A4, A5, and A6 of this report. The
immersion method discussed earlier under Biomechanics Motion Analysis was used to
determine the volume displaced by the body segments. Since the specific volume of
water varies with pressure and temperature it was necessary to conduct the determina-
tion of body segment volumes by immersion in water at controlled conditions. This was
achieved by maintaining a constant water temperature of 80°F throughout the immersion
test procedure which included the measurement of the displaced volume. The determined

volumes were then multiplied by the specific gravity (taken from Ref. 5) of a particular
segment, to compute the segment weight. A verification of the sum of the computed
segment with that of the actual body weight was made. Slight differences for both subject
A and C were corrected by using the ratio K to recompute the segment weight. This is
shown by the computations in Tables A6 and A7.
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Body density verification. -- This was made by using the empirical densitometrie method

of Paseale (Ref. 6) outlined earlier in this report to verify the actual computed density.

TABLE AS. -- DETERMINATION OF BODY DENSITY

Subje c t
Total Volume

Displaced, liter*
Body Weight, kg** Body Density, Dair,

gram s/eu era

Specific Gravity
D. D

a_r air
1. 000Dwater

A 82. 125 84. 481 1. 029 1. 029

C 69. 227 70. 306 1. 013 1. 016

* from Tables A6 and A7.
** from Tables A1 and A3

Acccrdin?; to ]3oyd ,(Ref. 7) the specific gravity of approximately 1. 038 may be accepted

as a representative average while the specific gravity for respiratory states may range
from less than 1.00 to several hundreds more than the figure quoted. As such, the

specific gravity of Subjects A and C falls within representative average limits.

After the determination of body density by immersion, three skinfold tests were
performed by skinfold calipers on each subject in the respective locations. These were
recorded and averaged out in Table A9.

TABLE A9. -- DETERMINATION OF AVERAGE SKINFOLD THICKNESS**

Subject

A

C

Location* Test 1 Test 2 Test 3

T 26.0 26.0 25.5

M

A

T

M

A

30.0

11.5

8.5

18.5

12.0

31.0

13.5

8.7

14.5

8.5

* These locations are defined under Methods of this

25.5

12.0

8.5

15.7

13.4

Total Average

77.5 25.83

86.5

37.0

25.7

48.7

33.9

28.83

12.33

8.57

16.23

11.30

report.

** Skinfold calipers were used at standard specific pressure setting of 10 gram/sq ram.

With skinfold thicknesses in mm, the body density was derived by the following

empirical equation:

D = 1. 088468 - 0. 0007123T - 0. 0004834M - 0. 0005513A (A1)
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Using the average sldnfold values established in Table A12 the densities for each subject
were computed. For subject A

D = 1. 088468 - (0.0007123)(25.83) - (0.0004834) (28.83) - (0.0005513) (12.33)
= 1. 088468 - 0. 018398 - 0. 013936 - 0.006797 = 1. 049337

while for subject C

D =1.088468- (0.0007123) (8.57) - (0.0004834) (16.23) - (0.0005513) (11.3)

=1.088468 - 0.006102 - 0.007846 - 0.006238 = 1.068282

Comparing these values to those determined by the immersion technique, the following
variabilit3. T was computed:

1. 0493 - 1. 029
Subject A, Variability = 1. 029 x 100 = 1.973%

Subject C, Variability -
1. 0683 - 1. 016

i.016 xl00= 5.14%

The al)ove results show a very good correlation for subject A, while that for subject C
was less desirable, but still within an acceptable range.

Determination of Centers of Gravity

Having been established as shown in Tables A9 through A10, the corrected segment
weights were then used to determine the location of the segment centers of gravity. This
was performed by applying different experimental and analytical techniques.

Total body c. _. location.- The center of gravity of the total body in the z-plane was
determined as follows The subject was placed on the weighing board with sharp wedge

supports on either end. His position is shown in Figure A7 from which the corresponding
analysis was made.

c,gx II

"" Al // " /// x' " /// " f l Bz =2oocm

Figure A7. - Total body C.go determination in z-plane
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A' was defined as the scale reaction due to the board weight alone.

represented the total scale reaction due to total body and board weight.
scale reaction due to total body weight. The following relationship may

The term A

A_ was the net
the°n be stated,

A 0 =A -A' (A2)

Now the sum of the moments about "B" must be zero to satisfy this condition

_M B =0

then

and

+A 0 Z - W 0 z 0 = 0

A o Z

z 0 -- W0 (A3)

The scale reaction due to board weight was A' = 6. 577 kg and used in the computation
given in Table A10.

TABLE A10.- COMPUTATION FOR TOTAL BODY CG LOCATION IN Z-PLANE

Computation

Subject in position,

reaction A , kg

- A' , kg

Net reaction due to body weight

A0--A-A' , kg

and A 0 z/W 0 , cm

c.g. position , cm

Subject
A

49. 555

- 6. 577

42.978

42.978 x 200/84.481

101.74

C

41. 390

- 6. 577

34.813

34. 81 X 200/70. 306

99.02

The center of gravity of the total body in the x-plane was determined by the following
method: With the subject placed in the position shown in Figure A8, the subsequent equa-
tions were derived. Similarly to the c.g. determination in the z-plane, the net reaction
due to the body weight

A0=A - A'
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llx°
il

I / cg

X - x O
r

X

A

Figure A8. - The body c.g. determination in x-plane

Again the stun of the moments about "B" must be zero

i _M B =0
Then

+AoX-W0x 0 =0and

I A0:x 0 = (A4)

I The scale reaction due to the board weight was recorded as A' = 6.577 kg and was used
h_ the computation given in Table All.

The centers of gravity for the extremities were found in the z-plane by the differ-

i ential weighing technique described and illustrated earlier in this report.
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TABLE All.- COMPUTATIONFORTOTAL BODYCG LOCATIONIN X-PLANE

Computation

Subject in position shown

reaction A , kg

- A' , kg

Net reaction due to bodyweight

A

10. 829

- 6.577

Subject
B

9. 525

-6. 577

A 0 =A -A'

and A 0 X/W 0

c.g. position , x0, cm

4.252

4. 252 x 200/84.481

10.07

2.948

2.94 x 200/70. 306

8.39

Segment No. 4 lower arm and hand cg location. -- In the differential weighing technique
for this segment, the subject remained in his relative position on the weighing board but was
told to flex both forearms and hands 90° to position C shown in Figure A9. The Yeaction at

the scale was increased to A 4 due to this new position. This increase in moment is

A4Z -A Z = Z (A 4 -A) (A5)

z4

14
Z

Figure A9. - Segment no. 4, c.g. determination

which represents the net moment due to this displacement. The center of gravity position

of the hands and forearms W 4 thus had shifted through distance d 4 from the undetermined

position of z4 to z4 + d 4 and the net moment produced by this displacement

=W 4 (z4+d 4) -W 4z 4=w 4 (z 4 +d 4 - z4) =W4d 4

which is equivalent to Equation (A5)

Z (A 4 - A)

(A6)
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i z(A 4 - A) = W4d 4
t
i

From this relation

I Z(A 4 - A)

d 4 - W4
(AT)

where d 4 defines the center of gravity position of hands and forearms•

The segment weights given in Tables A12 and A13 were taken from Tables A6 and AT.

TABLE A12.-- SEGMENT NO. 4 WEIGHT DISTRIBUTION

Body Segment No. 4

Forearm - "left

Segment Weight, kg

Subject A

1. 300

Subject C

1. 142

Forearm - right 1.443 1. 088

Hand - left .433 .445

Hand - right .450 .433

Total Segment Weight W 4 3. 626 3. 108

TABLE A13. -- COMPUTATION FOR SEGMENT NO. 4 CG LOCATION IN z PLANE

Computation

Reaction A , kg

Reaction A 4 , kg

A 4 - A , kg

Z (A4 - A) , kg

Z (A 4 - A)/W 4 , cm

d 4 cm

14 measured on board, cm

4 - d 4 , cm

z4 , em

am

A

49.328

49.668

• 340

68.00

68.00/3.626

18.75

109.20

109.20 - 18.75

90.45

Subject

C

41. 447

41. 787

• 340

68.00

68.00/3. 108

21.88

109.22

109.22 - 21.88

87.34
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Segment No. 6, leg and foot c.g. location. -- In determining the center of gravit5 lo-
cation for the leg and foot, the subject was placed on the board flexing both legs and feet
according to Figure A10. The reaction A in the unflexed position was made identical to the

one previously recorded for the determination of z 0. Then both legs and feet were flexed to

the 90 ° position and reaction A 6 was recorded. The net moment due to the displacement of

these body segments was

Z (A 6 -A)

and similarly to equation (A7)

d 6 =
Z (A 6 - A)

W 6

I -I
o f ¢,'7:"

,A//A\\ ///X\\ ,
d6

Z

• I

///X\\ B
z6

Figure A10. - Segment no. 6, c.g. determination

The individual weights of these segment components were taken from Tables A6 and
A7 and relisted in Table A14. The total segment weight was then used in the computation

given in Table A15.

TABLE A14. -- SEGMENT NO. 6, WEIGHT DISTRIBUTION
P

Body Segment No.

Segment Weight, kg

Subject A Subject C

Leg - left 3. 671 3. 057

Leg - right 3. 489 3. 405

Foot - left ..... .962 .877

Foot - right .955 .955

Total Segment 9.077 8. 294

Weight W 6
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TABLE A15. -- COMPUTATION OF SEGMENT NO. 6, CG LOCATION IN z PLANE

Co reputation

Reaction A , kg

Reaction A 6 , kg

A 6 - A , kg

Z(A 6 - A) , kg cm

Z(A 6 - A)/W 6 , cm

d 6 , cm

_6 measta'ed on board, cm

16 - d 6 , cm

z 6 , cm

Subject
A C

49.555

50.745

1.190

238.00

238.00/9.077

26.22

49.00

49. O0-26.22

22.78

41.39

42.64

1.25

250.00

250.00/8.294

30.14

49.15

49.15-30.14

19.01

Segment no. 1, head and neck c.g. location.-- The center of gravity"ofthe head and

neck was determined by positioning the subject according to Figure All. The segment

mark had to fallin line with the edge of the board at "B" producing a cantilever support

arrangement.

J-

' LI_
Zl I

.cg __

v

____ _ ,'-Scale
_/J y/J" I I

W1

VOL IIo Pt 2

Figure All. - Segmentno. 1_ c.g. determination
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For moments about support B, _M B -- 0. Then

+A 1 z - W 1 L 1 = 0

from which

A1
L 1 -

W 1

and

z 1 = ll + L1

Equations (AS) and (A9) were then used in the computation given in Table A16.

(A8)

(Ag)

TABLE A16.-- COMPUTATION FOR SEGMENT NO. 1 C. G.
LOCATION IN Z-PLANE

Computation

Weight, W 1 , .kg

Distance, _, cm

Reaction, A 1 , kg

Moment, A 1 z kg cm

, A 1 _/W 1 cm

L 1 cm

_1 Measured on board, cm

_1 +LI'

Zl, cm

A

5. 136"

20.00

3. 456

3. 456 x 20.00

69.12/5. 136

13. 458

145.4O

145.40 + 13.50

158.90

Subject

C

3. 172"*

16.30

2. 431

2. 431 x 16.30

39.62/3. 172

12.49

149.70

149.70 + 12.49

162.19

* from Table A6

** from Table A7

Segments.no. 3, upper arm and no, 5, thigh, c.g. location. -- A very close agree-
ment between the weight values of segment no. 3, the upper arm and segment no. 5, the
thigh from Tables A6 and A7 and those computed for the I_JS in Table A20 was observed.
This observation then justified the use of the analytical method for the determination of
the corresponding c.g. locations. The c.g. locations were expressed in relation to the
total body height (Table A21) and were computed in Table A17.
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TABLE A17. - COMPUTATION FOR SEGMENTS NO. 3 AND NO. 5 C. G.
LOCATION IN Z-PLANE

Se gme nt
No.

3

5

Computation

Total body height I1, cm

_-: ?z 3 .7366 H em

z_ = .4197H , cm
;)

A

172.08

126.76

72.22

Subject

C

172.7O

127.22

72.49

This established the c.g. location in the z-plane for segments 1, 3, 4, 5, 6, and the total
body; leaving the e.g. location for segment 2, the trunk, undetermined.

Seg]nent no. 2, trunk e.g. localion. - The center of gravity of the trunk can then be

determined analytically by computation since the location of the remaining body segment
weight centers have been identified. The subject was assumed in the position shown in
Figure A12.

Z.I
! I I

z3

z2 I

IZ41

I _ Z;5

|

" " I I

C( : : : : ;
i " J

t

, .L at

r I_ | " " '

1\\\ W 3 ¢4'_W5 W 6

Z
0

W2 _

Wo

Figure A12. - Segment no. 2, c.g. determination

Taking the moments about support B

EW n "z n W 0 z 0 = 0
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or

from which

6

WoZ 0 = Z W z
1 n n

{A1 O)

W0z 0 = WlZ 1 +W2z 2 +W3z 3 +W4z 4+w5z 5 +W6z 6

Since W 2 = weight of trunk and z 2 = c.g. location of trunk, then

6

WoZo- WlZl - EWnZn = W2z2

3
6

and WoZo - WlZl - Z WnZn

3
Z 2 =

W 2
(All)

where the segment weight W 2 was found by

6

W 2 = W 0 - W 1 - Z Wn
3

(A12)

This determination according to equations All and A12 was computed in tabular
form (see Table A18), the segment weight values being taken from Tables A6 and A7.

TABLE A18. - SEGMENT WEIGHT AND C.G. LOCATION SUMMARY

Segment Subject A Subject C

Weight, W CG Location, Segment Moment Weight, W CG Location Segment Moment

No. Name kg n Zn, cm WnZ n kg cm kg n z n cm WnZn, kg cm

1 Head and Neck 5. 136 158.90 816.11 3. 172 162.19 514.47

2 Trunk 46.164 120.04 37. 857 119.15

3 Upper Arm 4.104 126.76 520.22 3.862 127.22 491.32

4 Forearm and Hand 3.626 90.45 327. 97 3. 108 87.34 271.45

5 Thigh 16.373 72.22 1182.46 14. 013 72.49 1015.80

6 Lower Leg and Foot 9. 077 22.78 206. 77 8. 294 19.01 157.67

0 Total Body 84. 481 101.74 8595.10 70.306 99.02 6961.70

2 Trunk 46. 164 -3053.53 37.857 -2450. 71

Computation 120.04 5541.57 119.15 4510.99
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The values for W 2 and z 2 were then inserted in the Table A18 providing a complete sum-

mary of body segment data for subjects A and C.

The c.g. location for the body segments in the x-plane were determined visually
on the subject. This completed the analysis and established the respective location of
biomechanics targets on the body segments.

Moment of Inertia of Body Segments

The moments of inertia of subject body segments were determined by the computer
analysis developed in Appendix E. This analysis was performed for subjects A and C in
the shirtsleeve and pressure suit mode and is presented in Table A19.

TABLE A19. - SEGMENTS, WEIGHTS, AND CORRESPONDING MOMENTS OF INERTIA

Subject A Subject C

Shirt Sleeve

Segment Weight (kg.) IYY (kg. cm 2) Weight (kg.) IYY (kg. cm 2)

1

2

3

4

5

6

6. 05*

46.16

2.05

1.81

8.19

4. 54

.475

21. 646

.135

.257

1. 242

1.152

4. 09*

37.86

1.93

1.55

7.01

4.15

.327

15.277

.131

• 263

• 773

1. 411

Pressure Suit

8.10

48.33

2.24

2.15

8.52

5.76

.732

23.231

.147

.319

1.262

1.678

6.14

40.03

2.12

1.89

7.33

5.45

.543

15.863

.139

.322

.808

1.810

* The segment weights for the subject were taken from Table A18 and those for the
pressure suit from Table 9 of Part 1, of this report. Segment 1 in Table A19 also includes
the shirt sleeve helmet weight of 0.916 kg. The weights for segment No. 3, 4, 5, and 6
were averaged out to present mean values in Table A19. These results were based on the
geometric solids assumed in Table 1 of Part 1 of the biomechanics motion analysis where
they were utilized further.
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The Link Joint System

The link joint system (LJS) is explained in great detail in Reference 5. Oneof its
practical applications is discussed in Reference 8. The LJS conceptprojects an ana-
tomical structure in terms of anengineering structure consisting of links andjoints.
The LJS concept divides the body into structural segments (see Figure A13). Figure
A13 showsthe stick-like structure which is continuously used in the biomechanics analy-
sis. The joints are marked by open circles while the segmentmass (weight) centers are
identified by a full circle.

Figure A13. - Link joint system structure

Certain assumptions had to be made during this interpretation of the anatomical

structure that links are rigid members terminating in a joint or in between joint centers.
Bones, however, are not rigid bodies (Refs. 5 and 9). Furthermore, joints cannot be
measured directly from surface landmarks. Approximate mean joint center positions
can be estimated by the bending and testing of joints.

Link dimensions are not static correlates with bone lengths. They are only true

for mean dimensions based upon the mean-center position of joint axes since joint axes
shift during the performance of motion and a link may become longer or shorter than the
dimensions taken for their mean centers. As such, a link dimension is a functional
dimension. Approximations of nominal link dimensions, however, have practical appli-
cation in determining the basic structure of man in the biomechanical analysis of working
motions.
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The LJS utilized in Reference 8 establishes a man model which is reworked and

compared to the actual subject data and in so doing relates the subject to the LJS. This
relationship for the link weights and link center of gravity coordinates are shown in
Tables A20 and A21 based on the data derived in Table A19.

TABLE A20.-- COMPARISON BETWEEN SUBJECT WEIGttTS AND LJS WEIGHTS

No.

1

2

3

Segment

Name

Theoretical

segment
f (W)

Subject A

Measured

segment
weight,

kg

Measured

segment
weight,

f(w)

Subject C

Measured

segment
weight,

kg

Measured

segment
weight,

f (w)

Head and neck .079 5. 136 .061 3. 172 .045

Trunk .514 46. 164 .546 37. 857 .538
t

Upper arm .053 4. 104 .049 3. 862 .055

Forearm
• 031 l
.012J " 043

4 3. 626 .043 3. I o_ . u44
Hands

]. 5 Thighs .193 16. 373 .194 14. 013 .199
I

Legs .090
6 .118 9. 077 .107 8. 294 .118

Feet .028

0 Total body 1.000 84. 481 1.000 70.306 1. 000

TABLE A21.-- COMPARISON BETWEEN SEGMENT CG AND LJS COORDINATES

Subject A, H=172.08cm Subject C, H=172.70cm

No.

1

2

3

4

5

Segment

Name

Theoretical

segment
height,

f (H)

Thigh

Legs

Feet

Measured

segment
height,

am

Measured

segment
height,

f (n)

Me asured

segment
height,

on2

Measured

segment
height,

f (H)

Head and neck .9233 158.90 .9234 162.19 .9391

Trunk .6820 120.04 .6975 119.15 .6899

Upper arm .7366 126.76 .7366 127.22 .7366

Forearm .5734 90.45 ,5256 87.34 .5057
o5380

Hands .4466

.4197 72.22 o4197 72.49 .4197

22.78 .1324 19.01 .1101,1788
.1406

0178

.5912 99.02
I
t 101.74.5832Total body .5734
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The results in Tables A19 and A20 show fairly good correlation between the U S  I 
1 

coordinates and those established f o r  the subjects. It should be noted that only the cg 
coordinates for segments 3 and 5 were obtained from this U S  and consequently show the 
identical value in Table A20. 

SUBJECT GROSS ANTHROPOMETRY 1 
I 
1 

A series of biomechanics data pictures were taken against the corrected vertical  
gr id  which produced a 10 x 10 cm reference plane through the center line of the subject. 
Pertinent anthropometric as well as  biomechanics data was verified by these pictures. 
Side views of the subjects in the different modes were used very frequently in the verifi- 
cation and reconstruction of subjects during the reduction of biomechanics data record- 
ings. The following Figures A14 thru A23 a r e  arranged according to their  mode of 
operation on the LGS which were identified in the Summary section of this report. I 
Mode 

Figure A1 4. - Subject A , side view Figure A15. - Subject C, side view 
Mode 

Figure A1 6. - Subject A, side view Figure A17. - Subject C, side view 
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Mode 3000 and mode 8000 

Figure A18. - Subject A, side view 
Mode 5000 and mode 6500 

Figure A2C. - Subject A, side view 
Mode 5500 

<+?3%@= 9-e --* 

Figure A22. - Subject A, side view 
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" " - %*" "- .~ 
Figure A19. - Subject C, side view 

L 

Figure A21 . - Subject C, side view 

Figure A23. - Subject C, side view 
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APPENDIX B

DEVELOPMENT OF BIOMECHANICS DATA RECORDING EQUIPMENT

by W. Kuehnegger

To achieve the objectives of this study, it was necessary to develop a method

whereby a complete recording of body segment motions of the subject in one plane on the
Lunar Gravity Simulator (LGS) could be obtained. Several of the known recording meth-
ods discussed below were reviewed and investigated for possible adaptation.

(1) Mechanical methods by which the subject could transmit his movement to a
recorder by a cable, pulley, or lever. This method, though relatively simple, was
considered more practical for the investigation of one or two specific segment motions

instead of those produced by the complete body.

(2) Electrical methods whereby the subject's motion could be used to change the
electrical current in a recording circuit. This concept was abandoned due to excessive

complexity.

(3) Pneumatic methods that worked by the pressure changes produced during the
subject's motion were discarded and considered impractical for this application.

(4) Combinations of electromechanical and electropneumatic methods were
rejected since they only multiplied the problem of complexity.

(5) Finally, optical methods using photometric recordings of the subject's motion
were considered. This technique appeared to provide the most acceptable solutions.

Various optical methods were analyzed in great depth and the results are presented
in Table B1.

TABLE B1 - REVIEW OF PHOTOMETRIC METHODS

Photometric Method

Motion Picture

Interrupted Light

Stroboscopic flash series

Gliding Cyclograph

Applicable
Experimental Activity

Complete range of fine to
gross - motor activities

For gross - motor
activities

Effort Required
in Data Reduction

Extremely time consuming

Estimated at about 1/4

time for that of motion

pictures

For semi-gross and

gross motor activities

For repetitive semi-

gross motor activities

Also estimated at about

1/4 time for that of

motion pictures

Estimated at about 1/2
time for that of motion

pictures
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The results as shown in Table B1 clearly in, ti,';_tc ti_:_! _ ,.,,_,i _,,; I,, I,_:, i,, I
use any one of the photometric methods alone Ior the :t'_<._,z-,ii>::. ,,i _.i_,_,t?.\l)()l'i!'_i,q'll:: It,

were to be conducted on the LGS. Therefore. the foll_:ving ,. ,>i,i_,,:_ti,-,> ,,[ mt-1i_,,,l

selected for their specific applicability.

(1) Motion pictures were to be used primarily., i_,or ._,_._,,'.,"i) ............ ,_,.,\ bulr])o._(':: 1t.,
they could be used in special eases for the verili cat iou _i! _:,,r_..:_.>:>v-.:o-_ c,l, ,_. :,, I i,. ,_ ,,
such as walking, running, etc.

(2) The interrupted light technique _\'as selcct(.'d a:; _!>:, i:_:._::_ t_ '.,'_ct!_d i,,_ :t,,
recording of gross-motor activities.

(3) The stroboscopic flash series \vas eliminatx_,t i_ ii?z!_ ,:,_ a_,_i_l_.t_ :_* . ,
outdoor tests and also because of the great distances I_etwv,:,_ ,._>. :_

test set up of the LGS from the camera.

(4) The gliding cyclograph was considered ;_ _hc i; i_:3 a,,_i_m 1,,_ ,, ,,
repetitive semi-gross motor activities.

TECHNIQUE DESCI{IPTION

The motion picture techniques used<lurit_g _.1_ i.,..,,.:,_.. ,,.,,,} ,,i <.,_p,\,,_,li, ,
color and black and white silent photogral_hy, i-h_,._'-t:, '_l:_ _,__,_._:,! _:>!,.,, <_:_!-,i_ : _, .
method it wfll not be described indetai]. I'!_< :,:_, _ _ :'_ :::_. _ '_.,'_:_ .... :_-

not well known and consequently deserves a &_t:_.ile: i ,ic_. _,!,_ ion;

The interrupted light technique had been :__c,.t >_,._:,:--_i_.l_?, i,... -, _. i_,,, ,. i..

the analysis of the lower extremities in the w:_]ki_ag ,'-_'i, -__ :i> ..,.:':i :.... ,,_, _1_ _ix_-;.,:
the upper extremities. These investigations, b._,w,.:', _,'. ,, _,,' ,..,,_,?_ .i, _tt,_,- , ,..:
fully controlled and well illuminated labor:_tory con_ii_,i,_,-:_:-__, _:_i_'l_ -_!_._,._!_{ist:,.t>
thorough discussion of the principle involved (re!. i_,_ _,,".',i,!,._i,_- i: -i, !;_(_,.,
development of the data recording camera used i_. till> !:,_'_,_ :__. .:-"i_. ;, _...i,_ c,_ =,
the camera device embodies a slotted disc rot:ttir_g :_ :t ,-'..... _-,",. ]i_ >:',)_c',]__ i}" [_,=_?i! _ :i

camera lens. As the subject enters the field of x'isi(;_, _ ..... ' '
open as for a single exposure still picture. Each tim,, ._;_._o,,! t,,c <_ _ "
the lens, the instantaneous subject image is reco_,Ic<! _,,: t]>.- , t_,_._:_. Tlic ,.l:._:.,.'_

u,._vuze_ the open lens for a time permd depen,.kqv. __,,'_its e:l..,',_.,! _._?_'_i !i:,, _,:_.:; >i, ,
another image of the subject to be recorded. Dt_l"i'-,g iiu: t it_?¢' i ', _,_,'{ !i:,:. t+.-*'_:-:-
however the subject has moved further along his path ,.,f " '_,
still picture reveals a sequence of these inte:c;_ittc_'_i <:}_ _,i,v_>. >,_ _ _._ _ !,_- _ ,
data analysis. An illustration of atypical data >. ,, ,ii:_ ,-: _i_, ,,._. :: _ :._:_, _'.
selected method then produced the necessary :,'e>t_It : .. [_ '.- _'. ,. -,:,?,i , ,, :'- i_ ,
the field of a stationary recording camera.



Figure B1. -Interrupted light data recording

The gliding cyclograph is basically an extension of the interrupted light technique.
This method was introduced by Bernstein (Ref. 11) and Drillis (Ref. 1_0), who, in addition
to the rotating disc, had driven the film across the opened shutter. In the repetitive
local segment motions occurring during semi-gross motor activities the subject does not
traverse the camera field but remains relatively stationary. Using the interrupted light
technique in this case would have resulted in a recording of obliterated and overlapping
segment images impossible to analyze. However, moving the film across the open lens
at the same time results in a spreading out of the segment images very clearly revealing
their relative positions to one another. In the analysis of such recordings the distance
covered by the moving film during the interrupted exposures must be considered.

DATA CAMERA DESIGN REQUIREMENTS

Based on the close relationship between the interrupted light method and the
technique used by the gliding cyelograph, a decision was made to incorporate both opto-
metric techniques in the design of one camera. First, the interrupted light camera was
to be developed in such a way as to provide for the addition of the cyclographic drive.
Then a dimensional envelope was estimated for the experiments to be recorded on the
LGS center test section which determined the field for the camera. To reduce parallel

and swing out distortions, the camera was to be located as near as possible to the pass-

ing dolly from which the subject was suspended. This determined the camera location at
the window level on the fifth floor of the adjacent building. Thus two of the main design
requirements were established. The field of the test area to be covered at one end and
the location of the data camera at the other end.
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DATA CAMERA I - DESIGN AND FABRICATION

To produce adequate data recordings at the distances involved, a film size of 70 mm
was selected. Further, it was desired that recordings should be made in the shade as
well as under sunlit conditions. A 7.5 in. lens was then selected to meet the above
design requirements. The box frame of a Beattie, 70 mm Varatron camera was obtained

on loan from USAF and modified with slight changes. At first a synchronous 1/20 hp
motor running at 1800 rpm was used for a 1 : 1 disc drive by mounting the disc directly
on the motor shaft. This motor was later replaced by a 1/15 hp motor possessing vari-
able speed control. Since the operation of this camera took place under daylight condi-
tions never before tried, a completely enclosed disc housing was designed (See Figure
B2). This disc housing, made from aluminum, was attached to the front casting of the

drive motor. The disc diameter was set at 16.75 inches (42.55 cm). Then the lted
motor was mounted on a separate aluminum cantilever structure to avoid transmis-

sion of vibration to the camera. At one point, however, the disc housing had to be
connected to the lens hood of the camera to avoid the admission of stray light. This
was achieved by a black boot with sewn elastic at either end to ensure quick access
for refocusing. The two separate cantilevers, one supporting the camera and the

other the disc drive motor and the disc housing, can be seen in Figure B3, which
shows a number of components. The window mounting bracket was made from 1/4
in. aluminum sheet, formed and reinforced by welding in two cross members. The
disc drive motor was calibrated stroboscopically and calibration curves, Figure B4,
and a table were prepared to be used in the operation of the camera. To provide
verification for the total activity cycle durations or any portions thereof, the time
periods t occurring between the stick recordings at various disc speed settings were
listed in Table B2.

TABLE B2. - DISC SPEED CONTROL

Disc Speed Time Period Between
Setting, Stick Recordings,

% t, sec.

35

40

45

50

55

60

65

70

.08711

.06612

.05321

.04697

.03810

.03166

.02709

.02348

This table was constructed from the values of the calibration curve with the speed switch

in the low position.

N images/sec = disc rlam disc rpm60 x 2 (slots) = 30

1.00 30
= (Sl)

and t- N disc rpm
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Figure B2. - Disc housing 

t 

Figure B3. - Data camera I, overall view 
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Figure B4. - Calibration curves for disc drive motor
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Figure B5 shows the actual installation of the data camera I on the window sill. 

F igu re  85. - Data 

DATA CAMERA I TESTING 

The initial camera tes t s  were conducted simultaneously to  provide information 
A gr id  system consisting mainly of 0.5 in. (1.27 cm) but some 

Large g r id  squares  of 50 x 
on the gr id  system. 
0.75 in. (1.91 cm) wide masking tape was constructed. 
50 cm,  to small  1 0  x 10 cm squares  were used in tests 1 through 5. 
t ime, 8.5 x 11 in. (21.59 x 27.94 cm) flat, black sheets  containing samples  of tapes 
in different colors and widths were placed on the center  t e s t  section to investigate 
their  properties.  Furthermore,  the subject was instrumented with white segment 
targets  of different configurations and s i zes  to determine the i r  propert ies  f o r  data 
reduction. A total of 13 p r i m a i y  tcsts 
were conducted, and the corresponding resul ts  l isted and i l lustrated below. 

A t  the same 

Samples of these a r e  shown in Figure B6. 
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I G

C C Mass target 2.5 in. (6.35cm) dia

I D Mass target 2.0 in. (5.08cm) dia
E Mass target 1.5 in. (3.81cm) dla
F Mass target 1.0 in. (2.54cm) dla

B G Mass target 2.5 in. (6.35cm) dia (black)

A

D

Z"E

F i _ . .

r I

.15'3/4" (1.91cm) Masking tap

I Figure B6. - Biomechanics test targe s
VOL II, Pt 2

Joint target 2.5 in. (6.35cm) OD/1.5 in. (3.81cm) ID
Joint target 2.0 in. (5.08cm) OD/! .0 in. (2.54cm) ID

A

C

A

C

G.
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Test i

Test 1 was performed with the synchronous-motor driving disc A with 2-10 ° slot

openings. Some targets were recorded, but were far too weak and the grid was too pro-

nounced (See Figure BT)

Test 2

Disc B, with only one slot, was used at the same synchronous speed of 1800 rpm.
Data points were more defined and the unfinished leg support bar can be seen in Figure
B8.

Test 3

The synchronous motor was replaced by a motor with speed control from 0 - 100%
speed range. The complete disc speed spectrum from 30 - 100% was used to determine
optimal speed -experiments of crawling, walking, running, leaping, junping, and back-
flip. Test lines for the grid were added. Optimal speeds were between 70_ and 90_/_

except for crawling which was 50c_. Results, shown on Figure B9, were satisfactory in
general, but the data point recording still needed improvement.

Test 4

Targets were changed from white to reflective types in places and the tests were
rerun at the optimal speeds. The result was a degradation in data recording (See Figure

B10), eliminating these types of targets.

Test 5

Fluorescent type targets replacing the reflective types, but of the same size, were
used in the shade to determine their suitability. The same testing sequence and optimal

disc speeds were used; a red filter was added to increase the target image. The result
was completely blurred data except for one picture taken without the red filter (See Fig-
ure BII). Camera vibration was experienced during optimal speed levels. Analysis of
this test also showed a recording of the black pencil line drawn in to mark the center of
the test section.

Test 6

This test consisted of a vibration test on the equipment alone.

various discs did not reduce the vibration.

Staticbalancing of

Test 7

A new disc, D, with two slots of 10 ° openings was used and the speeds were reduced

to about one-half of the previous optimal speeds because of the two slot openings. The
usual experiments were conducted from 20% to 55% at 5% increments resulting in no
vibration but also no recordings (See Figure B12). The reason was insufficient slot open-

ings for the wide lens openings required in shady conditions.
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Figure B7. - Test 1, loping

Figure

m

B9. - Test 3, walking at

90% disc speed

Figure Bll. - Test 5, jumping at
80% disc speed

F igure B8. - Test 2, running

Figure B10. - Test 4, running at

80% disc speed

-o

Figure B12. - Test 7, washout
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Test 8

Test 7 was rerun with a different film and filter which required less lens opening.

The data reappeared but not as clearly defined as desired (See Figure B13). A few pre-

liminary gridlines were installed by using 0.02-in. (, 0508 cm) stainless steel wire
which showed considerable improvement but did not yet provide the desired strength.

Test 9

Disc D was increased to a 25 _ slot opening to determine correct slot openings, a
red filter was also used during some of the exPeriments (See Figure B14). The data pro-
duced was best with a red filter, but the Slot was now too wide for rapid body segment.
No grid lines were used on this test.

Test 10

The slot opening on disc D was reduced to 20 ° and disc speed was set at 40_. The
results for walking were excellent, but at higher speeds of body motion images of targets
and sticks became blurred; the reason was not enough disc speed. The preliminary grid-

line system constructed from 0.02-in. (. 0508 cm) Monel wire was found to produce
the desired contrast between the subject's data recording and the grid.

Test 11

The same slot opening on the disc D as in Test 10 was used. A complete spectrum
of disc speeds from 40_ to 60% was run at 5% increments. The best data records were

obtained at 55% and 60_, disc speed. The camera was not refocussed after installation
producing some blurred images.

Test 12

The same disc D as above was used with test run at 55_/c and 60% speed. This pro-

duced excellent data as seen by typical jumping example in Figure B15. Test fabrics of
different fluorescent materials were added parallel to the humerus link. As a result it
was decided to stay with the previous stick-on type fluorescent tape. The gridline system

was completed at this time and proved itself in use.

Test 13

Test 13 was conducted under the same conditions as Test 12. The only change

was in the biomechanics targets which had been positioned correctly on Subject A. The
quality of the data recording remained the same as in previous test.

A total of 115 successful data recordings were taken during the testing period re-
sulting in certain disc speed recommendations for a given subject velocity. These
recommendations are listed in Table B2.
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Figure B13. - Test 8, running at

50% disc speed

Figure B14. - Test 9, walking at
40% disc speed

Figure B15. - Test 12, jumping at
55% disc speed
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TABLE B3.- RECOMMENDEDDISCSPEEDSVERSUSSUBJECTVELOCITY

SubjectVelocity, mph

0.5
1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

i

Disc Speed, %

35

4O

5O

5O

55

6O

6O

65

65

DATA CAMERA II - DESIGN AND FABRICATION

Originally, the addition of the cylographic drive was only intended for recording
repetitive semi-gross motor working activities on the LGS. While testing, however, it
was discovered that it was impossible for the subject to locomote past the camera field
under a specified velocity after stepping off the one sixth g treadmill. Upon completion
of the work physiological test on this treadmill, the subject was supposed to attempt to
duplicate this same treadmill velocity by the time he reached the center test section for
the recording of his biomechanics data by camera I. At lower treadmill velocities up to
5 mph, this method appeared to be feasible. However, stepping off the treadmill moving
at 8 mph on to the LGS walkway and trying to reach this same velocity for the data
recording was almost physically impossible. This presented a considerable problem
since the recording of work physiological and biomechanical data had to be performed
under identical conditions in the production of meaningful data. Utilization of the modi-
fied gliding cyclograph provided the necessary solution to this problem. The primary
application of this technique was in the area of local repetitive activities of an otherwise
stationary subject. A theory was then developed to provide a film drive at a velocity
which represents the subject's velocity on the treadmill. The relationship between the

two velocities is indicated by Figure B16.. From Figure B16 the following geometric
relationship was evident.

0.5 Vf = 0.5 V s

L L

1
from which Vf = V s L

where Focal length = 7. 5776 in. = 0.63147 ft.

and camera range = 60.94 ft.
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r

Vf

Where V s = Subject velocity

Vf = Film velocity
L = Camera range

L = Focal length

Figure B16. - Velocity relationship of subject versus film

Based on this constant relationship it was possible to determine the film velocity for any
5280 x 12

given subject velocity; Vf = V s x 0.01036. The subject velocity at 1 mph = 60 x 60 -

17.6 in/sec from which Vf (in/sec) = V x 17.6 x 0.01036 = V x 0.1823 (B2)
S(mph) S(mph)

A variable-speed 1/15 hp motor with built-in gear reduction of 6:1 was selected.
This reduction was not sufficient and had to be geared down further because of the
extremely small ratio of the focal length/camera range. Even with this further reduction
it was possible to only record data produced by subject velocities in excess of 1.5 mph.
A close-up view of this film drive system is shown in Figure B17. This complete film
drive was installed in the existing camera magazine and calibrated. The calibration
was recorded in a curve and table for various subject velocities. An additional support
bracket for the film drive motor had to be installed because of the torque produced by the
weight of the motor. During preliminary testing, this torque had caused local buckling
in the magazine track which permitted light to enter. The addition of more components
required for the gliding cyclograph increased the weight of the complete data camera
assembly to the point where manual installation or removal was impossible. An indus-
trial cart was then modified upon which the new camera was mounted. The extreme
overhang required for the camera position made it necessary to counterbalance the cart
at the opposite end with a 150-pound lead weight in the bottom shelf.
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Figure B17. - Fi Irn d r i ve  s y s t e m  

The Off/On switch and the two speed control units with their  calibration tables were  
installed on the top surface of the camera c a r t .  
obtained. 

Figure B l 8  shows the calibration curve 



Subject velocity, V, fps 
12 14 

0 1 

Subject velocity, V, m/s 

Figure 818. - Subject ve loc i t y  versus cyclograph f i l m  speed ca l ibrat ion curve 
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Figure B19. - Front  v iew of  data 
camera I 1  

Figure B20. - Operation o f  data 
camera I 1  

4 1 

I 
1 
I 
1 DATA CAMERA I1 - TESTING 

The data camera  w a s  positioned in  i t s  new location over  the center  line of the tread- 
mill test section which w a s  aligned by a transit.  Another gr id  system had to be provided 
behind the test  subject. The vertical  lines of this gr id  system, otherwise identical to the 
one on the center test section, had to be left off because of the camera  technique. Instead, 
only the centerline w a s  marked on the backdrop. The data recorded in this position con- 
sisted of repetitive exposures of the horizontal guidelines while the single gr id  center  line 
was only exposed once and then transported ac ross  during the interval between the expo- 
su res  in much the s ame  way as the subject 's data image. Thus the horizontal gridlines 
were constructed on the same mater ia l  as in the center  test section while the vertical 
gridline had to be more pronounced and was made f r o m  1/8 inch (. 318 cm) ,  heat-resistant 
masking tape. Similarly, new test  numbers identifying the data recording had to be 
developed. They had to be arranged vertically to avoid the i r  overlapping and obliteration. 
The thickness of l e t t e r s  and numbers also had to be increased for  single exposure 
strength. 

w e e d s  ranging from 2 to 1 0  mph were performed and analyzed. One typical test  result  
of d2t3 CXmcra 11 over tile ir.e;idmiii section is  compared with another one taken by d:lta 
camera  I in the center test  section. 
verifies the usefulness and applicability of the latter camera  technique while recording 
subject data on the treadmill. 

The provisions for data came -a I1 testing were  then complete. Tes ts  ~f subject 

Their close agreement  in Figures B21 and I322 

Figure B21. - Recording by data camera I ,  F igu re  822. - Record ing by data camera 1 1 ,  
subject  walk ing at  3 rnph sub jec t  wa lk ing  at  3 rnph 
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APPENDIX C

ANALYSIS OF GRID SYSTEMS

By W. Kuehnegger

PART I

ANALYSIS OF LUNAR GRAVITY SIMULATOR GRID

The following discussion describes the development of gridline system for the LGS
backdrop. The prime objective was to achieve a gridline system which would avoid
repetitive and lengthy analysis for correcting biomechanical data recorded by the camera.
This correction would ordinarily have been necessary due to two distorting factors (see
Figure C1); (1) the geometric arc traverscd by the subject during motion along the z
plane, and (2) the parallax error produced by the camera in the x and z plane. An attempt
was made to correct both distortions by compensating the gridline system for them
in advance. This would permit direct scaling and motion analysis from the biomechanics

camera recording. To perform this compensation, pertinent and constant geometric
data of the Lunar Gravity Simulator had to be determined first.

Dolly

Camera
lens

Radius

Uncon'ected grid

line paints

I

VOL H, Pt 2

i'Distortion dud to swing out arc

Distortion due to

camera parallax

Total distortion

Figure C1. - Biomechanical data distortion
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CORRECTION ANALYSIS FOR Z GRID

Determination of Radius R

Figure C2 was used in establishing the geometry of the LGS in relation to the adja-
cent building from which the suspension dolly originated. The known values from the

geometry were:

0 = 9 ° 36'

_R= 19.98 in. (50.75 era)

r_

_R

r

HR = 828.17 in. (2103.55 cm)

CG. subject

LR

3.0 ft (914.4cm)

Figure C2. - LGS Geometry
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It can be seen that

cos 0 = HR and

also that

HR _828.17

cos0 0.9860

L R

tan0 = _ from which L R

where

then

and

= 839.62 in. (2132.63 cm) (Cl)

-----HR tan 0 -- 828.17 x 0.16914 =140. 0 in. (355. 6 cm) (C2)

LR = LR + _R = 140.00 + 19.98 -- 159.98 in. (406.35 cm)

Y from which y = tan 0 40.32 -- 0.16914 x 40.32 = 6.82 in. (17.32 cm) (C3)tan 0 = 40.32

y---- 3.0 (ft) + y = 36.00 + 6.82 =42.82 in. (108.76 cm)

R = R - y= 839.62 - 42.82 = 796.80 in. (2023.87 cm)

Determination of Starting Point 0

Starting point 0 had to be determined prior to defining any point P along the arc ofz

R and is defined as the point of intersection between the are of radius R and the walkway
floor of the LGS. This starting point 0 also represents an imaginary longitudinal line
along the walkway whose value z = 0. The geometric details for the dimensions involved are
are shown in Figure C3.

The following trigonometric relationships were derived from Figures C2, C3, and
C4.

H B

cotan 0 = iB L B
= known = 120 in. (304.8 cm)

HB = L B cotan0 = 120 x 5.9123 = 709.48in. (1802.08 cm) (c4)

HR = known = 828.17 in. (2103.55 cm)

LR

tan_ = HR_HB -

19.98
828.17 - 709.48

= 0. 16834 (c5)
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z L_

0

Figure C3. - Geometric details for z correction
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_R

Figure C4. Geometry detail

from which_ = 9 °-33'-20''

angle p =

From figure C 4

and sin E

180 ° - (0+_) = 180- [(9 ° -36') + (9 ° -33' -20'_]

(179 ° -60') - (19 °- 19'- 20'_ = 160 ° -40' -40"

19.98
O. 16600 - 120.36 in. (306.71 cm)

R lz
sinp " sin_

LI 120.36
= --_sinp = 796.80 0.33097 = 0.04999

(C6)

(C7)

(C8)
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= 2° - 52'

angle _ = 180 - (p+ _)

= 180 - [(160 ° - 40' - 40") + (2 ° - 52')] = 16 ° - 27' - 20"

and again in the solution of this oblique triangle

li in

sin _ sin O

(C9)

sin____ = 120.36 0. 28327 _ 682.02 in. (1732.33 cm) (C10)
where _II = lI sin e 0.04999

and

determining lii I = _II cos 0 = 682.02 x 0.98600 = 672.47 in. (1708.07 cm) (Cll)

From Figure C3

Ho = HB - _III = 709.48 - 672.47 = 37.01 in. (94.01cm)
(C12)

h =H
O O

-(H R-R) =H o-H R+R =37.01+796.80-828.17 =5.64in. (14.33 cm)

(C13)
(lR + io)

sin 0 -
/If

and (l R +Lo ) = li I sin0

_o = LII sin0 - _R = 682.02x0.16677-19.98 =93.76in. (238.15 cm) (C14)

Before resolving starting point 0 any further it will be necessary to define the re-

lation between h ° and lo as f (0o) (see Figure C5).

where _ = R sin 0 °
O

_o 93.76
-- - 0.11767 (C15)

and sin 0o = -_ = 796.80

from which 0 = 6° - 45' -27"
O
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Figure C5. -

Starting point 0 was then located by

h o

o

Radius versus 8 0 relationship

by (L° + tR )

and in direction by the angle 0 .
0

H ° 37.01 in. (94.01 em)

= (93.76+ 19.98) = 113.74 in. (288.90 cm)

Determination of Geometric Are and
Camera Parallax Distortion in z-Plane

The previous analysis was performed by using the actual dimensions. This was

necessary to establish the constants for the subsequent analysis. This analysis, however,
was made to derive the general equations for any one point.

Using a true finite length (height) along the arc of radius R to point Pz' the camera

projection on the backdrop was defined by length Ln. This finite arc length was called z

representing a displacement in the z-plane ahcmm by Figure C6. First, the existing arc

z ° produced by h ° and 1 ° had to be found, z for the complete Circle = 2_R.

then
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where

while

Z o

Figure C6o - Details of arcs for z displacement

O° O° 7rR
Zo = 36---O 27rR = 180

z remained constant
O

z n represented the total arc to point Pn

since

Z = Z + Z
n o

0
z = 18---0_'R

_n

Zn 180 _R

(c16)

(C17)
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180 [180\

Zn being a known value On was determinedR_h on = Zn _TrR where _h--)was

= n andRcos On = R-h from whichFigure C6 shows that cos On R n

a constant.

or

while

Now _n and h n

Figx_re C7.

h n = R- R cos On

h n = R (1-cos On) (C18)

sin On = lnR and In = Rsin On (C19)

were incorporated for the formation of the camera triangle as shown in

"!-

Figure C7. - Details of camera geometry
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Determination of Camera Geometry

The base of the camera triangle

Bn = in + _R - lc

and

thus

C =H
n e

from which the angle 7 n

- - =H -HR+R-h- (H R R) h n c n

B
n

tan 7 =n C
n

was found. From the relation of the two triangles

(C20)

(C21)

(C22)

where

and

B
n _/z

C H
n e

H B
= e n

Lz C
n

L from Figure C3
Z

(C23)

Lz = lz + Lc_ IB (C24)

Reduction to Backdrop Surface

Since L is the established projection of P against floor level it had to be reduced
Z Z

to the backdrop surface. The geometry identifying the trigonometric relationships is

shown in Figure C8. It can be seen that

and that

angle _ = 180- 90- 7 n= 90- 7n (C25)

angel ¢ = 180 - (0 + _ ) (C26)

Solving this oblique triangle

L L
m z

sin _ sin _b
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Figure C8. - Back drop surface geometry

from which

L = L sin_
m z sin

Then angle A = !80 - _b

and
L

cotan h - o
t

where t -- thickness of backdrop surface.

(C27)

(C28)

Then L° = t cotan h (C29)

and L n L m - L o (C30)

Note: L was onlYonegative for those conditions Where <_ _b >90 °. When conditions
ocurred whet ° <__b < 90 <_ h then became > 90 ° and the change of this trigonometric

function in the second quadrant produced a positive L ° in the determination of L n.

This completed the derivations for the correction of an arbitrary point P to itsz

projection P '. A table was then constructed uskng Zlz increments of 10 cm along the arc
Z

of radius R to establish the correspondingly corrected z-grid on the backdrop surface.
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CORRECTION ANALYSIS FOR X GRID

This analysis utilized the applicable relationships derived in the z correction. A

point Px was selected for the definition of its correction to point P '. Their respectivex

positions and associated geometry are shown in Figure C9.

Where
X

is of a given value, in this case assumed of unit length, then;

tan 0 x -
_x _x

H c- (H R- R+ hn) (H c- H R+ R- hn)

or

tan 0x=

I
X

(H c+ R- H R-hn) (C31)

and from the triangle relation of:

X X

(H c + R-H R- hn) H c

Hc _x
L =

x (H c + R - HR - h n)

From Figure C8 it can be seen that

L L
___ _ m
sin 0 sin

from which

sin 0
= L

y m sin

To allow for the backdrop thickness t

t - tsinA - .= and _ =
y sin k

ly

then L =_ e _-
Y Y y

(C32)

(C33)

(C34)

(C35)

_N 22 +H c (C36)
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Figure C9. - Geometric details for x correction
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and from the relation of

L
X _ X

_N (i N - Ly)

Lx x

from which point P ' has been established.
X

(C37)

A table was constructed similarly to the procedure of the z-correction using A x
increments of 10 cm to establish the corrected x-grid on the backdrop surface. This

table indicated not only the complexity of the computation to be performed but also the
tremendous number of computations necessary to cover the complete backdrop of the
center test section. This resulted in the decision to analyze the corrections by a com-

puter program. Subsequently a program was set up which utilized the equations derived
in this Appendix. This program is discussed in greater depth in Appendix E, Part 2
entitled Grid Correction. An exaggerated illustration of the grid variation is shown in

Figure C10.

I

p_l/
<1 I

I

I

I

b
I
i

. _ __

I!/I/

'//////
ill/�,

/
I

Backdrop

Wa I kway

Figure C 10.

Camera

Grid correction on center test section
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The data from the computer program produced the _z and _x dimensions for the

actual backdrop grid. A plot of these values is shown by Figure Cll. _z is plotted
against the distance from the walkway/suspension (Point 0) arc intersection while

_x is plotted against the zn value which was originally expected to be variable, but

remained constant along the z n line from the center line of the camera. This investiga-

tion has revealed the importance of this correction since 4z can reach almost 11.8 cm.
Comparing this value to the actual 10.0 cm traversed by the subject, an error of 18%
would have been overlooked.

E
U

.o
E
E

11.8

11.6

11.4 .....

II .2

11.0

10.8

10.6

10.4
0 ! 00 200 300 400 500 600 700

For Az = distance from walkway/suspenslon arc intersect, z, cm

For Ax = distance from camera center line at corresponding, z, cm

Figure C11. - I Corrected grid dimensions
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APPENDIX C

ANALYSIS OF GRID SYSTEMS

By W. Kuehnegger

PART 2

ANALYSIS OF VERTICAL GRID

A small scale gridded vertical backdrop for biomechanics and anthropometric
recordings was developed for use with the test subject under earth-gravity conditions.
Since test activities were conducted in a plane in front of this backdrop, a certain
parallax error would normally have been produced by the camera. To eliminate subse-
quent corrections and the reduction of the test activity or anthropometric picture to the
actual plane, a correction analysis was made to incorporate this correction into the
gridded backdrop itself, similar to the full size grid developed for the LGS under Part 1
of this Appendix. This correction was made for the z and the x plane. Its development
is described by the analysis of the parallax correction for the z plane first followed by
that for the x plane.

PARALLAX CORRECTION FOR Z PLANE

Figure C12 has been drawn to illustrate the dimensional relationships involved.

The following values were pre-established: _, Lc, 1c and hz,. In fixing the lens height

z c of the camera,

L

hz' Zc from which z hz,
_ L c

C

(C38)

Thus, the point z = 0 will become fixed at the intersection between the floor and the

gridded backdrop of the z-plane.

_ZV = Z c- hzv- z v
(C39)

where z' is of a predetermined length then from the relation of

Lz I z , L c
(C40)
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z plane z' plane

0

Grldded backdrop

.E "_C

k c

Camera lens

Figure C12. - Parallax correction for z - plane

and
#

Z ----- Z --,_

C Z

Note: According to Figure C12 z = z when _ = 0.
C Z

The pre-established dimensions were:

h z, = 9.60 in. (24.38 cm)

lc = 144.00 in. (365.76 cm)

L = 180.00in. (457.20cm)
C

(c41)

i = 36.00in. (91.44cm)

Lc/# c = 1.25

Yc = 48.00in. (121.91cm)
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Thcse values were then used in the determination of an imaginary 10 cm A z grid through
the center line of the subject. The computations revealed that Zl z of 12.5 cm remained

constant and did not vary as a function of z. This was expected since the z-plane was
parallel to the z'-plane.

PARALLAX CORRECTION FOR X PLANE

Again an illustration was constructed (see Figure C13) to reveal the geometric
and dimensional relationships that were added by investigating the second plane. Figure
C13 shows that there is no relation between z or z v to the x and x' projection.

thus X v X

I c Lc

and L
X =XV C

_c (C42)

As such, this remained constant for all z values.

x', similar to z', was of a predetermined length. The computation was made by
using the pre-established values for the determination of an imaginary 10 cm #ix grid.
This grid was investigated from the center line of the subject to one side of the backdrop
only because of the symmetrical arrangement. _x, as expected, did not vary with x and
remained constant at 12.5 cm.

Thus, the grid system on the backdrop consisted of 12.5 x 12.5 cm squares. This
arrangement achieved the desired parallax correction which concluded the photogram-
metric correction.
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Figure C13. - Parallax correction for x (y) - plane
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APPENDIX D

DETERMINATION OF "n" SUIT PRESSURE

by W. Kuehnegger

The full pressure suits used for the experiments in this study were the Navy MK IV
type. Since this type of suit will not be used for any lunar exploration, it became neces-
sary to establish its properties for subsequent evaluations of the experiments conducted.
This had to be done to provide a basis for comparison with those pressure suits that will
be used for lunar exploration. Only under the establishment of such a basis can the con-
ducted experiments be used to predict the physical performance of man in a lunar suit.

A study of the bending moments of the MK IV suit had already been performed
Under the analysis of secondary energy effects which formed the static baseline data of

the suits used. The dynamic baseline data was established by the performance of two
different series of tests. The first series investigated was for the vertical jump height
performance while the second series determined the maximum running performance of
the MK IV suit. The results of the dynamic baseline data were used to equate the per-
formance of the MK IV suit to that of the Apollo suit under the two conditions described.

Originally it was felt that by reducing the operating pressure of the MK IV suit an
equivalent Apollo suit performance would be achieved.

PERFORMANCE BASELINE FOR VERTICAL JUMP HEIGHT

Shirtsleeve

Because of the jumping heights involved, this series of tests was performed in the
center section test area of the LGS. The biomechanics data camera was used to record

these tests. A typical example of one of the data recordings is presented in Figure D1.

For each test, the measurement of the highest z-position of the mass center of Segment
1 represented by H (see Figure D2) was taken. The maximum jump height recorded on

the LGS in the shirt sleeve mode was as follows. For Subject A, z 1 max = 142.9 in.

(363.0 cm) and for Subject C, z 1 max = 150.0 in. (381.0 cm). Since these heights were

based on the data obtained on the LGS, they had to be corrected for the influence of the

gravity gradient to produce the actual lunar jumping height. This was done by using the
correction curve shown in Figure D3. The corresponding correction factors and results
were obtained.

Using Figure D1 for reference, from which

cg Jump Height = z lmax-(z 1-zo)-z ° = z lmax- z l+z o-z °

= z 1 max - z 1 (D1)
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Figure D1. - Determination of vertical jump height

Then for

z 1 max (ref. Figure D2)

-z 1 (from Table A18)

Subject A

11ft 10.9in. (363.0cm)

-5 ft 2.5in. (158.9cm)

Subject C

12 ft 6.0ira (381.0cm)

-5 ft 3. Sin. (162.2cm)

cg Jump Height = 6ft 8.4in. (204.1cm) 7 ft 2.2in. (218.8 cm)

From Figure D3

Corrected Lunar Jump Height 8 ft 7.2 in. (262.0 cm) 9 ft 5.0 in. (287.0 cm)

This correction was necessary as it reduces the data of the LGS to a common de-
nominator from which comparisons and predictions can be made for either the actual

lunar environment or the performance on another simulator,
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Figure D2. - Data recording of shirtsleeve jump 

Full P res su re  Suit 

Tes t s  with the full p re s su re  suit were conducted over  the treacLnill  section of the 
LGS. Pressurizat ion was there-  
fo re  achieved by an arrangement which involved the p re s su re  suit test kit and a portable 
r e sp i r a to r  unit. 
can be seen in Figure D4. 
ver t ica l  jumping attempts f rom each subject, first in the vent flow condition followed by 
- 3 .  psig increments  to 3 . 3  psig. Each subject then performed a total of 48 jumps in this 
phase. Figure DEI shows a $pica1 data recording taken during this test series. 
figure shows a curve ra ther  than the  straight recording of n vertical  jump as in Figure 
D2. 
ing the data film ac ross  similarly to a cyclographic recording to provide a more accurate  
data analysis. 

The subject did not wear  any of the instrument packs. 

Oxygen \\--as supplied by the seondary umbilical. This t e s t  arrangement 
The tes t  procedure demanded six (€9 individual maximum 

This 

This recording is still that of a vertical jump, but the curve was produced by driv- 

The analysis of the bioniechamics data generated by these pressure  suited tests was 
performed in the same mannei- 3s those for  the previous shir t  sleeve tests, 
ing data  for the \-ertical jump heights is seen plotted against the suit p re s su re  in Figure 

The result-  
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Figure D3. - Height versus correction factor
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Figure D4. - Test arrangement for vertical iump test 

FIgtlre D5. - Data recording of jumping in pressure suit 
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D6 for subject A and Figure D7 for subject B. These figures show two curves for each
subject. One curve was constructed representing the average value of the six attempts
while the top cul-ce was shown to represent the maximum value found within the six

attempts.

PERFORMANCE COMPARISON

The purpose of this comparison was to indicate and quantify the performance differ-
ences between; (1) the subjects, (2) thequnar gravity simulation facilities, and (3) the

full pressure suits. The differences between the subjects are discussed simultaneously
with those of the lunar gravity simulation facilities and those of the full pressure suits.

Data obtained from the NASA Langley Research Center LGS facility indicated that
nominal vertical jumping heights of 154 in. (391.16 cm) for subjects in normal clothing
(without pack) were obtained. This height was reduced to 141 in. (358.1 cm) by the
Apollo suit in vent flow and further to 88 in. (223.52 cm) when pressurized at 3.7 psig.
These values have already been corrected for the gravity gradient of the LRC LGS facility
and can thus be used directly for comparison. Tables D1 and D2 summarize the data and
its analysis for the final determination of "n" pressure. The final values for the LGS
jump heights developed in Table D2 were compared to Figure D5 for subject A and Fig-

ure D6 for subject C. It was noted that neither of the subjects could achieve the equiva-
lent Apollo suit performance in the vent flow condition. Subject A fell short by 9.4 in.
(24.0 cm) and subject C by 4.3 in. (11.0 cm). In the pressurized condition, however,
the results were very satisfactory showing equivalent Apollo suit performance pressure
"n" at 3.5 psig using the maximum height curve.

TABLE D1

DATA COMPARISON

NASA Langley Research Center, LGS Data

Corrected lunar jumping height in shirtsleeve
(no instrument pack) ....................

Corrected lunar jumping height in Apollo suit
(vent flow - 0 psig) .....................

Corrected lunar jumping height in Apollo suit
(3.7 psig) ...........................

358.14
Vent flow ratio .... .9156

391.16 Pressure ratio-

= 12 ft, 10in. (391.16 cm)

= ii ft, 9 in. (358.14 cm)

= 7 ft, 4 in..(223.52 cm)

223.52
-. 5714

391.16

Northrop Space Laboratories, LGS, Data, cm Subject A Subject C

Jumping height in shirtsleeve
(no instrument pack) ..................

Corrected lunar jumping height in shirtsleeve
(no instrument pack) ..................

IRatioed jumping height for Apollo equivalent
vent flow _eduction ..................

Ratioed jumping height for Apollo equivalent
pressurized (3.7 psig) reduction ..........

204.1

262.0

240.0

149.8

218.8

• 287.0

262.8

164.2
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TABLE D2. DETERMINATION OF EQUIVALENT APOLLO PERFORMANCE

Height Computations, cm

Ratioed jumping heights
for Apollo equivalent

LGS jump height
(from Fig. D3)

Sub_ct

Vent flow, 0 psig

240.0

190.0

Pressurized "n" psig

149.8

125.0

Subject C

Vent flow, 0 psig

262.8

205.0

Pressurized "n" psig

164.2

135.0

PERFORMANCE BASELINE FOR MAXIMUM RUNNING

Running on the LGS is achieved with very little displacement in the z-plane. It
was therefore considered unnecessary to apply a gravity gradient correction. Further-
more, since the LRC and the NSL LGS facilities were based on the same principle, it
was possible to compare the running data directly. One test series consisting of several

attempts to reach V maximum was conducted by subject C only. A typical data record-
ing is shown in Figure D7 with the results indicated in Figure D8. These results were
then compared to the performance obtained in the NASA LRC simulation and are shown
in Table D3.

TABLE D3.- COMPARISON OF PRESSURE SUIT PERFORMANCE

NASA LRC LGS

Apollo suit performance

Vent flow, 0 psig

Pressurized at 3.7 psig

15.5 fps

12.5 fps

NSL LGS

Navy Mark IV suit performance

13.73 fps

at 3.5 psig 8.37 fps

CONCLUSIONS

The Navy MK IV suit at 3.5 psig has been shown to be comparable to the Apollo
suit at 3.7 psig under the maximum activities investigated.

In pressurized maximum running activities the Navy MK IV suit was inferior but
approached the Apollo suit properties in the vent flow condition. Furthermore, it should
be mentioned that due to the limitation of the 100 foot (3048 cm) walkway on the NSL LGS
it was not always possible to achieve maximum velocities.

These considerations _nd the quantified comparison between the two suits have
justified the use of the Navy MK IV suit for the tests conducted on the NSL LGS as part
of this program.
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APPENDIX E

COMPUTER PROGRAMS

PART I

COMPUTER PROGRAM FOR BIOMECHANICS MOTION ANALYSIS

By K.L. Forsen

The following discussion concerns the development of a computer program to

analyze the biomechanical properties of man as derived from tests conducted during
"A Study of Man's Physical Capabilities on the Moon". Data reduction and analysis was
performed by writing a Fortran IV program entitled "MOM". The program was utilized
by means of an IBM 7090 Computer and a Stromberg-Carlson SC-4020 Plotter.

The overall objective of the computer program was to develop a mathematical model
of the biomechanical characteristics of man under simulated lunar gravity conditions.
Several analytical considerations were involved in the establishment of such a mathemat-
ical model. These were as follows.

(1) Analysis

(2) Analysis

(3) Analysis

(4) Analysis

(5) Analysis

of the kinetic energy

of the moment of inertia

of gravity gradient

of potential energy

of pressure suit torque

The data derived from these analyses were not necessarily used in the sequence
shown, but were applied whenever called for in the main program.

This main program develops an equation of motion for seven separate segments.
These segments are listed below.

(1) Segment 1 The

(2) Segment 2 The

(3) Segment 3 The

(4) Segment 4 The

(5) Segment 5 The

(6) Segment 6 The

(7) Segment 7 The

Head and Neck

Trunk

Upper Arm

Lower Arm and Hand

Thigh

Lower Leg and Foot

Instrument Pack (considered as a separate entity)

F_ECEDING PAGE BLANK NOT FILMED.
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Each segment is treated in three different components versus time. These com-

ponents are the analysis of curvilinear motion in the rectilinear coordinates of x and z
and the rotational component of 8. For each one of these components an equation of
motion is developed by using a numerical calculation known as the Method of Least Squares.
From this equation of motion, subsequent equations are derived for the following: velocity
(the first derivative of the equation of motion) and acceleration ( the second derivative of
the equation of motion).

The force generated by a given segment was determined by the acceleration times
the mass of the segment. This is true only for the x and z components. In the 8 or
rotational component, the moment of inertia is substituted for the mass of the segment
and is multiplied by the angular acceleration, producing the torque of the given segment.

The power is derived by the multiplication of the first derivative times the force or
torque of the segment being analyzed. The work of each one of these components was
then derived by the absolute integration of the power produced for the given cycle
duration except for the z component which is explained under Subroutine WORK subsec-
tion. Further, in the z component a gravity gradient determination is developed from
the equation of motion. From this determination the power of potential energy was devel-
oped. The work of the power of potential energy was then obtained by integrating its
value over the cycle duration, recognizing positive and negative powers.

The sum of each component's work for a given segment is the total work developed
by that segment. With segments 3, 4, 5, and 6 the total work of these segments is
doubled since they represent the upper and lower extremities.

The summation of work expended by segments one through six is the total body work.
Addition of the work expended by the instrument pack results in the sum total of all work
produced for one activity cycle duration.

The original equations used for computer analysis were derived in the biomechanical
motion analysis of this report.

For each component, curves are plotted by the SC-4020 Plotter against a common
base of time for one activity cycle. These curves, representing the final biomechanics
data, are found under the previous Results Section of this report.

A computer symbol listing accompanied by a definition and its function is not given,

due to the complexity of the total Biomechanics Program.

MOM COMPUTER PROGRAM

MOM program was set up to function as the main computer program. This program
performed the calling of eight subroutines that contributed to the making of the total pro-
gram. It read all data and printed out the calculated equations and tabulated data versus
a common base of time in seconds. Each of the body segments was treated as a com-
plete computing cycle. This cycle was made up of the time base readings in seconds,
abscissa (x) readings in centimeters, ordinate (z) readings in centimeters, or a rotational
reading (0) in degrees. The degree readings were converted into radian measurements
by the computer before the computation of the rotational component began.
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The

(1)

(2)

(3)

(4)

(5)

(6)

(7)

computing cycle commenced as follows.

The control data card P(I) card is read in. This card is discussed later in the

section Arrangement of Program and Data Cards for Computer Analysis.

The M(I) card is the next card to be read. This card contains the total number
of points used for a given segment. This value is recorded in Columns 4
and 5 on the M(I) card.

Following the reading of the M(I) card, the cards containing the time readings
are read in and are held in storage until a new segment is about to be analyzed.

The first component analyzed versus time was the abscissa data; the second
component, the ordinate data z, and the third component was the rotational
data 0. After completion of the 0 analysis, a new set of data for the subse-
quent segments was read in, repeating the cycle.

Plotting of the original abscissa data versus the time base was executed by the
calling of subroutine CUPLOT.

After the plotting of the original data versus time, a Least Square Curve Fit
Method was utilized to develop an equation of motion, by the calling of sub-
routine CURFIT. The curve fit solved a set of equations from the first degree
to the tenth degree. The print out of only one of these equations was executed.
The method of selection of this equation is explained in detail later in this
appendix under Subroutine CURFIT. The equation of motion selected is used

throughout the computing cycle for one component. At this point the equation
of motion was printed out.

From this equation of motion mentioned above, the first and second derivatives
of the component being analyzed are determined. The coefficients of the first
and second derivative are redefined for future determinations that will be

carried on later in the program. This redefinition of the coefficients is
necessary in order to preserve the original coefficients of the equation of
motion.

Up to this point, relatively similar computations have been used fo_ all component
cycles. However, when the rotational component was to be determined for each cycle,
it first had to be converted from degree readings into radian measurements.

The determination of the component forces was performed in the following manner.

The force values for the x and z components were determined by multiplying the second

derivative by the weight of the segment divided by G. The determination of the torque "
component was then performed by multiplying the moment of inertia of the segment:
times the second derivative of 0. These three processes were performed for each time

interval throughout the activity cycle from beginning to end. A curve plot versus time
was generated by the calling of subroutine CUPLOT for each of these forces and torque.

The power determination for the rectilinear components x and z, respectively, was
accomplished by multiplying the force of the given segment by its own first derivative.
The power for the rotational component _ was computed by multiplying the torque times
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its first derivative. Again, these three processes were performed for each time inter-
val throughout the activity cycle from beginning to end. For each activity cycle the

power was printed out versus time in tabular form. A curve plot was generated for each
power table by recalling subroutine CUPLOT.

The gravity gradient was developed from the equation of motion for the z component.
This must be taken into consideration during the actual determination of the z component.
The gravity gradient takes into account the changing effects of gravity in the z component
acting upon the body and its segments. The gravity gradient as defined by this analysis is
a unitless value. For each time period of the segment motion cycle, a gravity gradient
value was determined. This determination was executed from the beginning to the end
of the activity cycle.

In addition to the previous kinetic analysis, the power of potential energy was deter-
mined by multiplying the weight of the segment being examined by the gravity gradient
times the first derivative of the equation of motion. This was performed for each time
period and was repeated from the beginning to the end of the activity cycle. A table
for time versus gravity gradient and time versus power of potential energy was printed
out covering a complete activity cycle. For both the gravity gradient and power of
potential energy determinations subroutine CUPLOT was called and a plot of their respec-
tive values versus a common base of time was plotted for a given activity cycle.

During the analysis of a pressure suited mode, a pressure suit moment distribution
was taken into account for segments 3 through and including 6. This analysis was needed
to determine the amount of work the test subject must perform in torque to overcome the
resistance moment of the pressure suit.

The determination of the suit moment was developed in the following manner. Ex-
perimental data was obtained for the aforementioned segments for a given test subject
in the pressure suited condition. A curve fit of the data obtained experimentally for the
previously mentioned segments was made apart from the biomechanics program. Thus,
for each test subject a set of coefficients for segments 3 through 6 in the pressure suited
conditions was obtained from the curve fit of the experimental data and used for the

analysis of tests conducted in the pressure suited mode. The coefficients obtained from
these curve fits were then punched onto data cards. At the beginning of the execution of

a complete biomechanical test cycle, a computer test was made to determine if this test
was performed in a pressure suited mode. When the computer test was l_ositive, the
following procedure was carried out. After the computation was completed for the equa-
tion of motion for segment number 2 in thc_ coordinate, its coefficients were redefined

and stored in the computer memory for future use. Once the computation for the 0 com-
ponent was completed for segment number 3, its coefficients were redefined and saved
from its equation of motion. Depending upon the results of another computer test, the

corresponding coeffficients obtained from the curve fit of the experimental data were
then subtracted from the coefficients of segment number 3. From this determination,
a pressure suited moment was created for any time period during the cycle. This was
achieved by multiplying the newly created moment by a given time period. This procedure
was applied to the activity cycle from the beginning to the end. Then a table of time
versus the pressure suit torque was printed out and a curve plot was generated by again
calling subroutine CUPLOT. This was carried out from the beginning to the end of the
activity cycle. The power developed by the pressure suit torque was determined by
multiplying the pressure suit torque by the first derivative of the original equation of
motion for the _ component of the segment being analyzed. Once again, a table and
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curve plot were generated in terms of time from the beginning to the end of the activity
cycle. The work expended by the pressure suited mode _was determined by calling sub-

routine PSWK. This same procedure was carried out for segment number 4, except that
its equation of motion coefficients were reduced by subtracting the coefficients saved from
the segment number 3. Segment 5 was treated in a manner similar to segment 3. After
the computation for segment 5 was completed, its equation of motion 0 coefficients were
redefined and stored in memory.

The pressure suit torque for Segment 6 was computed by reducing the equation of

motion 0 coefficients for Segment 6 by subtracting the coefficients for Segment 5. This
again was carried out from the beginning to the end of the activity cycle.

After Segment 6 was completely analyzed, the work expended for segments 1 through
6 of the x, z, and 0 components were added together. Also added to this quantity was
the expended work from the power of potential energy and the work expended by the suit
power, in the case of a pressure suited test. The sum of these additions were printed

out to give the total body work expended by the test subject over a given activity cycle.

The instrument pack was treated as a separate segment apart from the body. Its

computer analysis was conducted in the same manner as for any other segment in the
shirt sleeve mode. The three components of x, z, and _ were taken into account and
calculated as mentioned above. The total work of the instrument pack was added to the
total body work. A print out of the total body weight plus the instrument pack was given.

SUBROUTINES

The main program contained two basic types of contributory programs: namely,

subroutines (5 each) and function subroutines (3 each).

Subroutines

Subroutines, referenced by a call statement in the main program, return a speci-

fied source of information when called upon to do so. The subroutines used are briefly

described in the paragraphs that follow.

Subroutine CURFIT. - The purpose of this subroutine program was to supply a
single polynomial from the first through the tenth order supplied by the Least Square
Curve F__t subroutine called LTSQS, each time CURFIT is called by the main program.

Subroutine LTSQS. - This subroutine developed the polynomial coefficients for a
given equation that had to be developed. LTSQS utilized the technique of the Lease Square
Curve Fit Method (Reference 12). The residuals to determine the polynomials were also

developed in this subroutine.

Subroutine MAT 1_ V. - This was a matrix inverter program used to solve the

residual equations required by LTSQS. MAT I_V transmitted its data to LTSQS, which
in turn developed the polynomials for CURFIT. LTSQS then transmitted the required
polynomials to CURFrr which delivered the equation of motion to the main program.
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This process was repeated for first through the tenth order equations each time CURFIT
was called by the main program. The polynomial showing the least amount of error was
used. The coefficients for this polynomial were then returned from CURFIT to the main
program showing the absolute error, the overall percentage error, and degree of the
equation returned.

Subroutine CUPLOT. - The following procedure took place when CUPLOT was
called by the program:

(1) The abscissa title of time was labeled.

(2) The ordinate title, depending on what coordinate, and derivation being
executed by the main program was determined and labeled.

(3) The main heading was determined and labeled as shown in the previous step.

(4) CUPLOT analyzed the data to be plotted versus time and set up the graphic
grid system based on its determination.

(5) The data was then plotted versus a common base of time.

The above operations were recorded on magnetic tape by the 7090 computer to be pro-
cessed later by the SC 4020 Plotter. The SC 4020 Plotter transmitted the data via the

magnetic tape onto an oscilloscope displaying the grid system and the plotted data. A
35 mm film picture was taken when the graph was displayed on the scope. Subsequently,
an enlarged 8-1/2 x 11 inch graph of the activity was developed.

Subroutine ISIA. - This subroutine was an integration program based on Simpson's
Integration Rule (Reference 12). Data for this subroutine was supplied by a function routine.
These function routines may be either WORK, PAPE, or PSWK, ISIA continued to inte-
grate until it converged to within three significant figures to the right of the decimal
poin:. ISIA was capable of converging to a greater degree of accuracy, but for the
purposes of this program the convergence limit was set at three. Based on the results
of ISIA, this operation required anywhere from 4 interval integrating steps up to 1000
integrating steps. When the convergence requirement of three significant figures was
met, the result was returned to the main program.

Function Subroutines

A function subroutine.was referenced by an arithmetic expression containing the
function's name. It returns a 3ingle valued result to the calling program (ISIA) for every
time interval (T). The function subroutines used by the subroutine ISIA were as follows.

Function subroutine PSWK. - This program calculated the values of power, which
were called by ISIA to integrate the power of a segment, and arrived at _he absolute work
expended by the segment being analyzed over a given time cycle. PSWK was used only
for segments three through six for the rotational component when the pressure suit mode
was being examined.

Function subroutine PAPE. - PAPE calculated the gravity gradient and power of
potential energy values for ISIA. From PAPE, ISIA integrated the power of potential
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energy and arrived at the work expended by the segment over a g_ven time cycle. PAPE
was used only during the determination of the z component.

Function subroutine WORK. - WORK calculated the values for the first and second

derivatives and multiplied these values by the mass or moment of inertia of the segment
depending upon which component of the given segment was being examined. The power
value for the x or 0 component was called by ISIA and the absolute work of the segment

over a given time cycle was determined and then returned to the main program. During
the determination of the z component, the gravity gradient was created which resulted in
the acceleration projected in the z plane. A computer test was then made to determine
the magnitude of the second derivative of z at a given time. When the second derivative
exceeded the value of the projected z acceleration computed previously, the difference
was used to determine the net force applied in the z plane. When the second derivative
of z did not exceed the projected acceleration, the resulting z force remained the same
in the curve plvts and the print outs for time versus force and power. However, when

setting up WORK for the integration of the power in the z component by ISIA, the negative
forces were not taken into consideration.

The net forces _Lnd powers discussed earlier in the case where the second derivative

of z exceeded the projected acceleration, the integration of power to determine the work
expended did include the portion produced by the net forces and powers which was then
returned to the main program.

MOMENT OF INERTIA PROGRAM (IYY)

A numerical value defined as Moment of Inertia is derived from the following
program which is separate and apart from the main program. It is introduced as IYY.
The moments of inertia about the y axis determined herein are used as inl_ut data to the
main program.

The Segment Mass Moment of Inertia (IYY) program was based upon the following
equations. Equations El, E8 (Reference 13), Equations E2-E7 (Reference 14), and
Equation El0 (Reference 15) were modified for their application to this program.

Segment No. 1, Head and Neck, was treated as a right circular ellipsoid of
revolution as shown in Figure El. The neck could have been expressed in terms of a
frustum of a cone separately, however this assumption would have been incorrect for
the pressure suited operation.
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RR

Y1

RR=
R =

SM =

smaller radius, ft. (cm)

larger radius, ft. (cm)
mass of segment, slugs (kg sec2/cm)

Figure E1. - Model of head

The equation (IYY) for Segment No. 1 is:
J

SIYY1 = 0.2 SM (R 2 + RR2), Slug-ft 2 (kg cm 2) (El)

Segment No. 2, Trunk, was treated as a right elliptical cylinder as shown in

Figure E2.

....t q

7 "

,' " "*_- "-'_'_ _cg

R

R = .5 segment breadth, ft. (cm)
RR = .5 segment depth, ft. (cm)

SL = segment length, ft. (cm)
SM mass of segment, slugs (kg sec2/cm)

Figure E2. - Model of trunk
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The equation for Segment No. 2 is:

SIYY2
_ SM12 [3(RR)2-_(SL)2] slugsft2(kgcm2) (E2)

Segment No. 3, the Upper Arm, was treated as a frustum of a right circular cone
as shown in Fig_are E3.

I

,--4

RS i

RL = larger end radius, ft. (cm)
RS = smaller end radius, ft. (cm)

SL = segment length, ft. (cm) ,_
O density of the segment, Ib/ft_.^(kg/cm ")
SM mass of segment, slugs (kg secZ/cm)

Figure E3. - Model of upper arm

The equation (IYY) for a frustum of a right circular cone is as follows:

U = RS/RL (E3)

UU= (1 +U+U 2) (E4)

A 9
20 Pl

UU + U 3 + U 4 ]

UU 2 J (E5)

.1 +4U+il0U 2 +4U 3+U "t 1UU 2 1
3

C- 80 (E6)

]SIYY = SM _ _-) +CxSL 2 , slug-ft 2 (kgcm 2) (E7)

The equation for the mass moment of inertia for the Upper Arm is SIYY3 = SIYY.
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Segment No. 4, Lower Arm and Hand, was treated as a combination of a frustum

of a right circular cone and a sphere, and are correspondingly shown in Figure E4.

of forearm & hand

cg, u_-'-

YH RS

YH HR__ _ --cg

Figure E4. - Model of forearm and hand

The moment of inertia of the forearm SIYYFA was treated as illustrated in Seg-
ment No. 3, (Eq E3-E7}.

The (IYY) for the hand was determined as follows:

SM = Mass of the forearm, slugs (kg sec2/cm)

SMH = Mass of the hand, slugs (kg sec2/cm}

HR = First radius, ft (cm)

SIYYH =. 4SM(HR) 2, slug-ft 2 (kg cm 2)

FAC. G. = distance from the C.G. of the forearm to the C.G. of Segment No. 4.

HC. G. = distance from the C.G. of the hand to the C. G. of Segment No. 4.

FAC. G. and HC. G. are predetermined values and are both entered as data.

The moment of inertia for Segment No. 4 is

SIYY4 = SIYYFA + (SMxFAC. G. 2) + SIYYH + (SMHxHC.G. 2), slug-ft 2 (kg cm 2)

Se_Tnent No. 5, Thigh, was also treated as a frustum of a right circular cone as
indicated in Figure E5.

(E8)
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Figure ES. - Model of High

The Moment of Inertia for the thigh, SIYY5, was thus treated in the same manner
as that for Segment 3 (Eq ET).

Segment No. 6, Lower Leg and Foot, was treated as a combination of the two
separate frustums of right circular cones shown in Figure E6.

The equations used for Segment 3 were again employed for both a frustum for the
lower leg, SIYYLL, and a frustum for the foot, SIYYF (Eq E3-E7).

The distances LL. C.G. and F. C.G. were predetermined values and consequently
treated as data. In determining the combined mass moments of inertia, SIYY6, the
combination of the lower leg and foot is treated in the same manner as that shown for the
determination of Segment No. 4 (Eq E8).

I l

SL

SML = Segment mass of lower leg, slugs (kg sec2/cm)

SMF = Segment mass of foot, slugs (kg sec2/cm)

Figure E6o - Model of lower leg and foot
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The moment of inertia for Segment No. 6 is

SIYY6 = SIYYLL + (SMLxL. L. C. G. 2) + SIYYF + (SMFxF. C. G. 2), slug_ft 2 (kg cm 2) (E9)

Segment No. 7, Instrument Pack, where the mass moment of inertia was treated

as that for a prism (see Figure E7).

I= SL __I Y7

Y7

H = height, ft. (cm)

SL = length, ft. (cm)
SM = segment mass, slugs (kg sec2/cm)

Figure E7o - Model of instrument pack

_(' H2]
SIYY7 = SM 5SL)2 + slug-ft 2 (kg cm 2) (El0)

'

(Reference 15)

A mass moment of inertia (IYY) program notation record is listed in Table E1

which explains each field length of the input data. Accompanying the notation record for
(IYY) is a general purpose key punch form showing the layout of this data.to be entered
onto the punched cards (Figure E8). A listing of the (IYY) program is also given in

Figure E9.
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TABLE El.- IYY COMPUTER PRCGRAM NOTATION RECORD

ITEM UNITS

B(1) P(1)
SHIRT- PRESSURE

SLEEVE SUIT
INPUT FIELD

LENGTH

Segment No. 1 - Head and Neck

Head and helmet weight
Helmet, small circumference

Length from top of helmet to
middle of neck

(kg.) B(1) = P(2)

(cm.) B(2) = P(1)

(em.) B(3) = P(28)

Segment No. 2 - Trunk

Trunk weight
Chest breadth

Trunk length

*Trunk depth, stated below, B(38)

(kg.) B(4) = P(4)

(cm.) B(5) = P(3)

(cm.) B(6)

Segment No. 3 - Upper Arm

Upper arm weight
Upper arm length
Larger end circumference
Smaller end circumference

Density of upper arm

(kg.) B(7) = P(5)
(cm.) B(S)

(cm.) B(9) = P(6)

g(?Tc.m) B(10) _ P(7)(k 3) B(ll)

Segment No. 4 - Forearm and Hand

Forearm weight
Elbow circumference
Wrist circumference

Forearm length
Density of forearm

(kg.) B(12) --- P(10)

(cm.) B(13) = P(8)
(cm.) B(14) = P(9)

(cm.) B(15)

(kg./cm3) B(16)

Hand weight (kg.)
Fist circumference (cm.)
Forearm C.G. to segment C.G., length (cm.)
Hand C.G. to segment C.G., length (cm.)

B(17) = P(II)

B(I8) = P(12)

B(19)

B(20)

Segment No. 5 - Thigh

Larger end circumference
Smaller end circumference

Density of thigh
Thigh weight
Thigh length

(cm.) B(21) = P(13)

(cm.),, B(22) = P(14)
(kg./cm _) B(23)

(kg.) B(24) = P(15)
(cm.) B(25)

F6.2

F6.2

F6.2

F6.2
F6°2
F6.2

F5.2
F6.2
F6.2
F6.2
F5.2

F5.2
F6.2
F6.2
F6.2
F5.2

F6.2
F6.2
F6.2
F6.2

F6.2
F6.2
F5.2
F6.2

F6.2
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TABLE El.- IYY COMPUTER PROGRAM NOTATION RECORD (Continued)

ITEM UNITS

B(I) .Pd)
SHIRT- PRESSURE

SLEEVE .SUIT

Segment No. 6 - Lower Leg and Foot

Leg weight
Ankle circumference
Knee circumference

Density of lower leg
Length of lower leg

(kg) B(26) = P(16)
(cm.) B(27) -- P(17)

(cm.). B(28) = P(18)
(kg./cm _) B(29)

(cm.) B(30)

Foot weight (kg.) B(31)
Foot length (cm.) B(32)
Larger end circumference (cm.) B(33)
Smaller end circumference (cm.) B(34)
Lower leg C.G. to segment C.G.,

length (cm.) B(35)

Foot C.G. to segment C.G., length (cm.). B(36)
Density of foot (kg./cm _) B(37)

*Trunk depth (part of segment #2)

Subject letter
Month

Day
Year

Segment No. 7 - Instrument Pack #1

Blank

Height of pack
Length of pack
Weight of pack

Segment No. 7 - Instrument Pack #2

Blank

Height of pack
Length of pack
Weight of pack

Segment No. 7 - Instrument Pack #3

Blank

Height of pack
Length of pack
Weight of pack

(cm.) B(38)

Unitless

(cm.)

(cm.)
(kg.)

Unitless

(cm.)
(cm.)
(kg.)

Unitless

(cm.)
(era.)
(kg.)

= P(19)
= P(20)
= P(21)
= P(22)

P(23)

P(24)

P(25)

P(26)

P(27)

P(29)
P(30)
P(31)
P(32)

P(33)
P(34)
P(35)
P(36)

P(37)

P(38)

P(39)

P(40)

INPUT FIEI,D

ILENGTH

F5.2
F6.2
F6.2
F5.2
F6.2

F6.3
F6.2
F6.2
F6.2

F6.2
F6.2
F5.2

F6.2

A1

A2

A2

A2

F5.1
F5.1
F5.1
F5.1

F5.1
F5.1
F5.1
F5.1

F5.1
F5.1
F5.1
F5.1
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MATIIEMATICA L DISCUSSION

The development of the equation of motion was based upon the Principle of Least
Squares, as mentioned under Subroutine LTSQS. This principle indicated that the best
or most probable value obtainable from a set of measurements or observations of equal
precision (in this report, data points) is that value for which the sum of the squares of
the errors is a minimum.

In the discussion of Subroutine LTSQS earlier, residuals were also mentioned.
residual is the difference between the most probable measurement and any particular

measurement of data for a given data measurement (Reference 12).

A

Two to three data points were read before and after the activity cycle for each
segment. These data points and the data points inside the activity cycle were the total
number of points analyzed by the computer in arriving at the equation of motion. Only
the data points at time zero, inside the activity cycle and the last data point which is the
data reading at the end of the activity cycle was used in the results of the biomechanical
analysis. The data points outside the activity cycle were needed to prevent a vector curl
at the ends of the curve fitted equation of motion. The vector curl being a characteristic

of the Method of Least Squares.

The cyclic effects that appeared in the first and second derivatives of the equation
of motion did not always act as a true cycle. This was due to the noise in the recorded
data. When the differentiation of this noise was attempted the errors (noise) in the data

were magnified and thus a true time cycle did not occur. The difficulty can be illustrated
by the fact that even a sudden change in the force will cause but a slight disturbance in the

displacement. Smoothing of the original data by the Method of Least Squares tended to
lessen the effects of these errors, but the second derivative may have been altered to a

very noticeable amount. This effect of noise upon the derivative of a function showed that
noise did not share with ordinary analytical functions the property of smoothness and

differentiability.

A suggestion for improving the reliability of the second derivative would be to
develop the equation of motion by employing Fourier Series. The use of Fourier Series
does not treat the data in the same manner as the Method of Least Squares. It considers
the entire set of data as one unified whole, which tends to separate out th_ effects of

noise. The Method of Least Squares treats each individual data point with respect to its

neighbor readings (Reference 16).

ARRANGEMENT OF PROGRAM AND

DATA CARDS FOR COMPUTER ANALYSIS

This section explains the sequence of the control cards used for loading of the pro-
gram and the subsequent input data into the computer; for the biomechanical analysis of
the data reduced from a complete activity cycle for a given test (See Figure El0).
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The computer program notation record is listed in Table E2 explaining each field

length of the input data. Accompanying the notation record is a general purpose key punch

form showing the layout of this data to be entered on the punched cards (See Figure Ell).

A flow chart of the biomechanical motion analysis program is given in Figure E12. A

listing (Figure El3) is given followed by a typical test printout (Figure El4). This print-

out for test No. C-3007-2 corresponds to the curve plots included in the this analysis.

TABLE E2. MOM COMPUTER PROGRAM NOTATION RECORD

DATA CARD

CODE

T (I)

x (1)

x (1)

x (1)

C (1)

c (2)

M (I)

P (1)

P(1)

P(2)

P(3)

P(4)

P(5)

P(6)

P(7)

p(s)

p(9)

p(lo)

P(ll)

P(12)

P(13)

P(14)

P(15)

P(16)

P(17)

P(18)

P(19)

P(20)

P(21)

ITEM

Time (seconds, readings)

X (X, coordinate readings, Cm.)

Z (Z, coordinate readings, Cm.)

TH (Theta, angle readings in degrees)

X, letter

Z, letter

Number of points used

Moment of Inertia of Mass (Io), of segment, Kg cm 2

Weight of segment, Kg

Subject letter

Test No. (xxxx)

Baseline

Month

Day

Year

Segment name, (number)

Minimum degree, (Min. degree equation fitted)

Maximum degree, (Max. degree equation fitted)

NOPT, (type of curve fit used)

N, (total number of points read in)

NS, (first value used in curve fit)

NL, (last value used in curve fit)

NS1, (first curve fit value used for % of error)*

NL1, (last curve fit value used for % of error)*

Cycle length, (cm)

Activity cycle frequency, (rain)

Activity cycle duration, (sec)

Test duration time, (rain.)

INPUT

FIELD

LENGTH

FI2.0

FI2.0

F 12.0

FI2.0

A1

A1

I5

F7.3

F7.2

A1

A4

A1

A2

A2

A2

F2.0

F2.0

F2.0

F2.0

F2.0

F2.0

F2.0

F2.0

F2.0

F5.2

F5.2

F5.3

F4.1

*Same numerical value as P(14) and P(15) respectfully
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Subrou tlne

CUPLOT
M!M _ Function(Main program) PAPE

1 r° 1

J Subrout,n.L I Function I -- SubrSil_ine

SUbTs}_,_ne 7 FU;stwK n

1 r
Subroutine k
MATNIV ( End )

Figure E12. - Biomechanics motion analysis flow chart
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Result curves for motion dynamics and external work performed for sample test
C-3007-2 follow.
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APPENDIX E

COMPUTER PROGRAMS

PART II

GRID CORRECTION COMPUTER PROGRAM

A computer program to determine a gridline system for the Lunar Gravity Simulator
backdrop was written. This grid system eliminated the necessity for repetitive and
lengthy analyses to correct data recorded by the biomechanical data camera. The program
was a self-contained program requiring no input data. The computer name for this
Fortran IV program was GRID. The GRID program was based upon the analysis and
determination of the backdrop gridline system discussed earlier in this report. GRID
first determined the distance from the walkway in the x plane and then printed out the
following information in 10 centimeter intervals.

(1) Arc length, Computer symbol AN.

(2) Camera height, for a given projection point. Computer symbol CN.

(3) Projection length from the camera, for a given projection point. Computer
symbol BX.

(4) Distance out from the backdrop to the camera projection point. Computer
symbol YLN.

(5) Distance change in the x plane for a 10-centimeter increment. Computer
symbol DT.

For each increment in the x - plane, as discussed in the previous paragraph, a
calculation for the z - plane was made. This calculation was executed for 0 centimeters
through and including 370 centimeters at ten centimeter increments. For each z calcula-

tion the following results were printed out.

(1) The total arc length to the projection point of the camera, for a given 10 cm
increment being executed. Computer symbol SNN.

(2) The tangent of the angle produced for a given unit length from the center line in
the z plane: computer symbol Z.

(3) Camera height, for a given projection point: computer symbol CN.

(4) Distance on either side of the center line at a given projection point in the
z - plane: computer symbol BAA.

(5) Distance change in the z - plane for a 10 centimeter increment: computer
symbol DTT.

After the execution for SNN of 370, the cycle to determine the next value in the x
plane was begun. This cycle was continued until SN was 730 and SNN was 370.
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An illustration of these computer symbols, printed out, is given in Figure E184. A
computer listing of GRID is given in Figure E185,followed by a typical sample printout
( Figxtre E186)for one computing cycle.

SN

Ol" drop

X

Figure E184.- Illustration of computer symbols printed out
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